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Abstract 


Binary membranes composed of dimyristoylphosphatidylcholine (DMPC) and natural ceramide (up to a mole 
fraction X,., = 0.25) were investigated by measuring the excimer:monomer fluorescence emission intensity ratio [p:/y, 
for the pyrene labeled phospholipid probe 1-palmitoyl-2[(pyren-1-yl)]decanoyl-sn-glycero-3-phosphocholine (PPDPC), 
by monitoring fluorescence polarization of diphenylhexatriene (DPH), as well as using differential scanning calorime- 
try (DSC). Increasing X,., >0.10 both below and above the main transition temperature 7,, increased /-:/, for 
PPDPC maximally approximately 1.6-fold at X,., = 0.25. Above T,,, and when X,,., approaches 0.10, fluorescence 
polarization P for DPH increases steeply, reflecting an overall decrease in acyl chain motions. At X,,, = 0.10 there is 
a discontinuity in P and upon further increase in the content of ceramide a smaller, yet significant increase in P is 
evident. DSC revealed ceramide to increase the pretransition temperature until at X,., exceeding 0.07 this transition 
was no longer evident. Simultaneously, increasing X,., up to 0.05 increased 7, from 23.9 to 24.6°C. Total enthalpy 
AH,,, of the main transition diminished progressively upon increase in X,., up to x 0.10. Above this concentration of 
ceramide a new endotherm became evident at 22.5°C, and exceeding YX,,, = 0.14 this endotherm became dominant. 
Our results indicate an enrichment of the pyrene labeled phospholipid analog into microdomains concomitant with 
the formation of a distinct ceramide-enriched phase at X,,, > 0.10. © 1997 Elsevier Science Ireland Ltd. 
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1. Introduction 


Although ceramides are ubiquitous components 
of eukaryotic cells in abundance these lipids are 
found only in the stratum corneum of the skin 
(Schurer and Elias, 1991). This tissue consists of 
multiple layers of lamellar membrane sheets occu- 
pying the intercellular space between corneocytes. 
These lamellae are currently believed to provide the 
structures yielding the water impermeability of skin 
(Elias and Menon, 1991). The lipid composition of 
these sheets is unusual and consists mainly of 
specific skin ceramides, cholesterol, and free fatty 
acids (McIntosh et al., 1996). The ceramides in the 
membrane lamellae vary in their chain length, acyl 
hydroxylation, and unsaturation (Schurer and 
Elias, 1991). The amide group of ceramide which 
serves as a link between the hydrocarbon chains is 
of importance to the conformation of the entire 
molecule (Pascher, 1976). The rigid head group, 
which comprises six atoms in a planar conforma- 
tion, adopts a perpendicular orientation with re- 
spect to the axes of the hydrocarbon chains. A 
conical overall shape of ceramide in both biological 
and membrane lipids was proposed (Pascher, 
1976). The detailed structural arrangement of the 
stratum corneum lipids is, however, not well under- 
stood (Bouwstra et al., 1991). 

In addition to the functional significance of 
ceramide for stratum corneum recent cell biological 
studies have revealed ceramide to be involved also 
as a second messenger in cellular signalling cas- 
cades for growth and differentiation (Hannun, 
1994), induction of apoptosis (Quintans et al., 1994; 
Cifone et al., 1994), and causing cell damage 
(Quintans et al., 1994; Strum et al., 1994; 
Haimovitz-Friedman et al., 1994). Ceramide may 
also have a role in cell senescence (Jayadev et al., 
1995). The molecular level mechanisms of action of 
ceramide in these processes are being intensively 
investigated. The involved enzymatic intercon- 
versions have been conceptualized as_ the 
sphingomyelin cycle (Hannun, 1994). Accordingly, 
in various cell lines several extracellular agents and 
agonists cause the activation of a _ neutral 
sphingomyelinase which results in the generation of 
ceramide and phosphocholine (Hannun, 1994). The 
addition of 1a%,25-dihydroxyvitamin D3, for in- 
stance, to HL-60 human leukemia cells causes early 








and reversible hydrolysis of sphingomyelin and the 
concomitant generation of ceramide (Okazaki et 
al., 1989, 1994). Similar effects have been observed 
for tumor necrosis factor-a, y-interferon (Kim et 
al., 1991: Mathias et al., 1991; Dressler et al., 1992; 
Okazaki et al., 1994), interleukin-1 (Ballou et al., 
1992: Mathias et al., 1993), dexamethasone (Ra- 
machandran et al., 1990), and complement compo- 
nents (Niculescu et al., 1993). Completion of the 
sphingomyelin cycle occurs with the resynthesis of 
sphingomyelin, presumably by the transfer of the 
choline phosphate headgroup from phosphatidyl- 
choline to ceramide (Hannun, 1994). Interestingly, 
formation of ceramide has been shown to be 
compartmentalized in the cell surface and a possi- 
ble role for this molecule in the formation of 
caveolae has been suggested (Liu and Anderson, 
1995). Several recent reviews summarize these 
highly intriguing and important biological effects 
of ceramide (Ballou, 1992; Chao, 1995; Hannun, 
1994, 1996; Hannun and Obeid, 1995; Michell and 
Wakelam, 1994; Obeid and Hannun, 1995; Saba et 
al., 1996; Schiitze et al., 1994). 

As the physicochemical effects of ceramide on 
lipid bilayers have remained poorly understood we 
undertook an investigation of the thermal phase 
behaviour of binary alloys of dimyristoylphos- 
phatidylcholine and ceramide as revealed by 
fluorescence spectroscopy and DSC. 


2. Experimental procedures 
2.1. Materials 


Hepes, EDTA, and DMPC were from Sigma and 
ceramide (According to the manufacturer approx- 
imately 46.8% of the total fatty acids of this lipid 
were hydroxy fatty acids, the fatty acid composi- 
tion was specified as follows: C16:0 (0.3%), C18:0 
(4%), C18:0 (2-OH) (15.4%), C20:0 (0.7%), C20:0 
(2-OH) (0.7%), C22:0 (4.1%), C22:0 (2-OH) (6%), 
C23:0 (2.3%), C23:0 (2-OH) (4.5%), C24:0 (10.4%), 
C24:0 (2-OH)) (17.1%), C24:1 (15.3%), 
C25:0(8.5%), C25:0 (2-OH) (3.1%), C25:1 (1.2%, 
C26:0 (1.7%), C26:1 (1.2%), C27:0 (2%), C27:1 
(2%)) from Matreya, (Pleasant Gap, PA). PPDPC 
was from K&V Bioware (Espoo, Finland), and 
DPH from EGA Chemie (Steinheim, Germany). 
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The purity of the above lipids was checked by 
thin-layer chromatography on silicic acid coated 
plates (Merck, Darmstadt, Germany) using chlo- 
roform—methanol—water (65:25:4 v/v/v) for the 
phospholipid and 1,2-dichloroethane—methanol- 
water (90:20:0.5 v/v/v) solvent system for ce- 
ramide. Examination of the plates after iodine 
staining or, when appropriate by fluorescence illu- 
mination revealed no impurities. The concentra- 
tions of PPDPC and DPH were determined 
spectrophotometrically using 42000 cm~! at 342 
nm and 91000 cm~' at 354 nm as the respective 
molar extinction coefficients. Phospholipid con- 
centrations were determined by the phosphorus 
assay (Bartlett, 1959) and those of ceramide gravi- 
metrically. The concentration for ceramide was 
determined using an average molecular weight of 
565. 


2.2. Liposome preparation 


Multilamellar vesicles (MLVs) were prepared 
by first mixing appropriate amounts of lipid stock 
solutions in chloroform to obtain the desired 
compositions.The resulting mixtures were then 
evaporated to dryness under a stream of nitrogen 
and any traces of solvent subsequently removed 
by evaporation under reduced pressure for 2 h. 
The dry residue was stored at — 20°C until it was 
used. The samples were hydrated at 50°C in 5 
mM Hepes and 0.1 mM EDTA, pH=7.4. To 
obtain unilamellar vesicles (LUVs) multilamellar 
vesicles were first made as above. These were first 
maintained at 50°C for 30 min and thereafter 
sonicated for 2 min in a bath type ultrasonicator 
(NEY Ultrasonik 104H, Yucaipa, CA). These 
dispersions (at a lipid concentration of 0.750 mM) 
were extruded through a stack of two Millipore 
(Bedford, MA) 0.1 “wm pore size polycarbonate 
filters using a Liposofast low pressure homoge- 
nizer (Avestin, Ottawa, Canada) essentially as 
described (Olson et al., 1979; MacDonald et al., 
1991). 


2.3. Fluorescence measurements 


A monomeric excited state pyrene may relax to 
ground state by emitting photons with a maxi- 


mum wavelength of ~ 380 nm (J,,), the exact peak 
energy and spectral fine structure depending on 
the solvent polarity. During its lifetime, the ex- 
cited state pyrene may also form a characteristic 
short-lived complex, excimer (excited dimer) with 
a ground state pyrene. This complex relaxes back 
to two ground state pyrenes by emitting quanta as 
a broad and featureless band centered at ~ 480 
nm (/,). In the absence of possible quantum me- 
chanical effects (Kinnunen et al., 1987) and the 
formation of superlattices the excimer to 
monomer fluorescence intensity ratio (Jp:J\,) de- 
pends on the rate of collision between pyrenes 
(Forster, 1969). Consequently, for a pyrene con- 
taining phospholipid analog such as PPDPC the 
value for /,:J\, reflects the lateral mobility (Galla 
and Sackmann, 1974; Galla et al., 1979) as well as 
the local concentration of the fluorophore in the 
membrane (Galla and Hartmann, 1980; Somer- 
harju et al., 1985; Hresko et al., 1986; Eklund et 
al., 1988). Two recent reviews describing the use 
of pyrene-labeled lipids in research on the proper- 
ties of biomembranes and membrane models are 
available (Kinnunen et al., 1993; Duportail and 
Lianos, 1996). 

Fluorescence emission spectra were recorded 
with a Perkin-Elmer LSS50B spectrofluorometer 
equipped with a magnetically stirred,  ther- 
mostated cuvette compartment. Excitation wave- 
length was 344 nm and the excitation and 
emission bandwidths were 4 nm. 2 ml Of liposome 
solution (60 nmol of lipid) in a four-window 
quartz cuvette was used in each measurement. 


2.4. Fluorescence polarization of DPH 


DPH was included in liposomes to yield a 
lipid: DPH molar ratio of approximately 1000:1 
(Lakowicz et al., 1979a,b; Prendergast et al., 
1981). Polarized emission was measured with 
SLM 4800S spectrofluorometer in T-format using 
Glan-Thompson calcite prisms. Excitation at 360 
nm and emission at 450 nm were selected with 
monochromators, with respective bandwidths of | 
and 16 nm. Emission was also monitored with a 
long pass filter (430-455 nm). Values of steady 
state fluorescence polarization P were calculated 
by the following equation (Lakowicz, 1983): 
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Fig. 1. /p:J\y for PPDPC (X = 0.01) in LUVs and at increasing temperatures is illustrated for X,,, of 0 (A), 0.05 (@), 0.10 (@), and 
0.20 (M@) (panel A). /,:/\4 for PPDPC residing in LUVs composed of DMPC with increasing X,,, and at 20 (A) and 30 (MM) °C is 
depicted in panel B. The error measured was typically < 5% and for the sake of clarity is not shown. 
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2.5. Differential scanning calorimetry (DSC) 


Heat capacity scans for MLVs were recorded 
using a high-sensitivity adiabatic differential scan- 
ning calorimeter DASM-4 (Biopribor, Pushchino, 
Russia) at a heating rate of 0.5°C/min. The instru- 
ment was calibrated using the internal electric 
power signal as a reference. Prior to DSC samples 
were maintained on ice for ~24 h and were 
thereafter loaded into precooled calorimeter cu- 
vettes. The instrument output is recorded via an 
analog/digital converter board (EZ-01, Data 
Translation, Marlboro, MA) into a 486-computer. 
Transition enthalpies were determined using rou- 
tines of the Origin software (Microcal Software, 
Northampton, MA). 


3. Results 


3.1. Intermolecular I,:I,, as a function of X.., 





For fluorescent probes such as PPDPC contain- 
ing a single pyrene moiety /,:/,, depends on the 
rate of intermolecular collisions between pyrene 
moieties. Accordingly, this parameter can be used 
to observe phase separation and changes in the 
dynamics of bilayers upon phospholipid phase 
transition for instance (Kinnunen et al., 1993; 
Duportail and Lianos, 1996). Unlike dipalmi- 
toylphosphatidylcholine (Somerharju et al., 1985) 
no lateral segregation for osmotically non-stressed 
vesicles of PPDPC in DMPC was observed below 
T,, (Lehtonen and Kinnunen, 1995). Lack of sep- 
aration of PPDPC is evident also in the tempera- 
ture scans for /,:/,, shown in Fig. 1A. In brief, at 
this resolution our data reveal no discontinuities, 
thus indicating lack of major temperature-depen- 
dent changes in the dynamics of the probe. These 
data are also depicted as /p:J\y versus X,., (Fig. 
1B). Above 7,,, at 30°C increasing X,., up to 0.075 
had little effect on Jp:Jy. Yet, increasing X,,, 
further caused /,.:/,, to increase, and at X,,, = 0.25 
approximately 1.6-fold higher values were 
recorded compared to control bilayers lacking 
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ceramide. Essentially similar behaviour was evi- 
dent also below 7,, at 20°C. In addition, similar 
behaviour for PPDPC was also observed when 
substituting the unsaturated lipid 1-palmitoyl-2- 
oleoyl-phosphatidylcholine for DMPC (data not 
shown). 


3.2. DPH polarization as a function of X.., 

The augmented /,:/,, for PPDPC described 
above could result from two mutually nonexclu- 
sive mechanisms, lateral enrichment of the probe 
into microdomains or increase in the rate of its 
lateral diffusion. To resolve between these two 
possibilities and to obtain further insight into the 
effects of ceramide on membrane properties we 
measured fluorescence polarization P for DPH as 
a function of X,., (Fig. 2). 

Below 7,, the chain motions of DMPC are 
hindered compared to the liquid crystalline state 
and the values for P are high, in keeping with a 
high order prevailing in the membrane. Upon 
raising the temperature above 7,,, the lipids un- 
dergo a phase transition into the liquid crystalline 


0,50 

















Fig. 2. P for DPH (X¥ = 0.0013) residing in DMPC-—ceramide 
binary LUV alloys shown as a function of X,,, and measured 
at 20 (A) and 30 (@) °C. Typical error measured was < 5% 
and for the sake of clarity is not depicted. 
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state with a sharp decrement in P (Silvius, 1982). 
Below T,,, increasing X,., up to 0.10 had little 
effect on P. However, upon exceeding this content 
of ceramide in LUVs caused a small, yet clearly 
distinguishable, decrease in P. Above 7,, and 
upon increasing X,., from zero to 0.25 there was 
an increase in P from 0.18 to 0.34, indicating 
increased microviscosity and/or augmented acyl 
chain order (Jahnig, 1979). Interestingly, the in- 
crease in P occurred in two stages. First increment 
is evident upon increasing X,., from 0 to 0.10. 
Thereafter, increasing X,., further, from 0.1 to 
0.23 causes a significant, yet smaller additional 
increase in P. 


3.3. OG 


In order to obtain further information on the 
changes in the membrane underlying the above 
alteration in the signals from the two fluorescent 
probes we used DSC to characterize the thermal 
phase behaviour of the binary ceramide-DMPC 
alloys. The thermal transitions of the latter lipid 
have been extensively studied. In brief, neat 
DMPC exhibits two transitions, pretransition at 
approx. 8—16°C and the main transition at ap- 
prox. 24°C (Silvius, 1982). Representative DSC 
endotherms for DMPC-—ceramide MLVs as a 
function of X,., are illustrated in Fig. 3A and B. 
Increasing X,,.. from 0 to 0.07 caused the pretran- 
sition temperature 7, to increase from 16.0 to 
18.5°C (Fig. 4A). Concomitantly, the pretransi- 
tion enthalpy AH, decreased approximately lin- 
early (Fig. 4B) with simultaneous broadening of 
the peak (Fig. 4C). At X23, 0.08 pretransition 
could no longer be resolved with certainty. 

For the main transition there was first at low 
contents of ceramide (X,., < 0.05) an increase in 
T,, from 23.9 to 24.6°C (Fig. 4D). In the range of 
0.05 < X,., < 0.14 the value for 7,, remained at 
~ 24.6°C whereafter upon X,,, approaching 0.2 a 
sharp decrease of ~ 2°C is seen. Simultaneously, 
the temperature width at half-maximum (A7,_,) 
increased and the transition peak became slightly 
asymmetric (Fig. 4F). At X...=0.10 a new en- 
dotherm emerged at ~ 2° below T,, (Fig. 3B). 
This peak increased in enthalpy as X,,., increased 
and became the dominant peak at X,,., = 0.16 
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Fig. 3. DSC traces for DMPC MLYVs with increasing contents 
of ceramide. In panel A, from top to bottom, X¢,, was 0, 0.01, 
0.05, and 0.07; panel B, 0.10, 0.14, 0.20, and 0.30. The 
calibration bars in these panels correspond to 0.5 and 0.05 
kJ/mol/°C, respectively. Total concentration of the lipids was 
0.68 mM in 5 mM Hepes, 0.1 mM EDTA buffer, pH 7.4. 


(Fig. 4D). At X..,>0.2 two endotherms were 
evident at ~22.5°C and at ~ 23.6°C, possibly 
indicating the presence of two phases, one likely 
being enriched in DMPC and the other in ce- 
ramide. Increasing contents of ceramide further in 
DMPC MLYVs induce a progressive decrease in 
the enthalpy of the main transition peak, Fig. 4E. 
As X,.., 18 increased to 0.3 the enthalpy of the 
lower temperature endotherm increased further 
but no new endothems were detected at higher 
temperatures. Due to extensive aggregation MLVs 
with higher contents of ceramide (YX,,, > 0.30) 


could not be investigated. Studies on physical 
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Fig. 4. Pretransition temperature 7, enthalphy, and peak width (panels A, B and C), as a function of X,., in binary MLVs with 


DMPC. Corresponding data for the main transition are compiled in the panels on the right depicting 7,,,, enthalphy, and peak width 
(panels D, E and F). 
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Fig. 5. Relationship between /,:/,, for PPDPC and DPH polarization P at 20 (A) and 30 (M™) °C. Data are taken from the 


measurements illustrated in Fig. |1BFig. 2. For both data sets X,.., 


properties for fully hydrated non-hydroxy fatty 
acid-ceramide have revealed that an endothermic 
transition occurs at 72.7°C (Shah et al., 1995). 
This endotherm was not observed in our studies 
on the binary alloys. 


4. Discussion 


Free volume V,; is the difference between the 
effective and the van der Waals volumes per 
molecule. For a phospholipid membrane V, arises 
due to thermal motion as well as from the short- 
lived, mobile structural defects due to trans—> 
gauche isomerization of the lipid acyl chains 
(Xiang, 1993). Our recent data on osmotically 
induced changes in LUVs lend support to the 
concept of membrane free volume determining the 
rate of lipid lateral diffusion as reflected in the 
intermolecular /,:/,, for PPDPC (Lehtonen and 
Kinnunen, 1994). Fluorescence polarization re- 
lates to the average angular displacement of the 
fluorophore which occurs between the absorption 
and subsequent emission of a photon and thus 





increases with an increase in /p:/\y. 


depends on the rate and extent of rotational diffu- 
sion during the lifetime of the excited state of 
probes such as DPH (Lakowicz, 1983). DPH 
molecules lie deep in the lipid bilayer, mostly 
oriented parallel to the lipid hydrocarbon chains 
and detect lipid chain order (Jahnig, 1979). Yet 
caution must be used when interpreting polariza- 
tion data as the exact orientation and distribution 
of DPH in the lipid bilayer is not known with 
precision (Lakowicz et al., 1979a,b). Membrane 
free volume can be expected to be inversely corre- 
lated to P. Increasing the content of ceramide 
above X,,., 0.07 enhanced the /,:J,, for PPDPC 
both below and above the main transition of 
DMPC. These data are further emphasized in Fig. 
5. which illustrates the correlation between DPH 
polarization and /,:/,, for PPDPC measured at 
varying X,,., both below and above 7,,. Below T7,, 
when X,,,>0.125 polarization P decreases 
slightly indicating a decrement in lateral ordering. 
Concomitantly, a rapid increase in /,:/y 1s seen. 
Increasing X,., above 7,,, causes an increase in P. 
This could be due to headgroup interactions be- 
tween ceramide and DMPC or restriction of acyl 
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chain movement which would restrain the motion 
of DPH molecules. With increasing P the rate of 
lateral diffusion should decrease, which in turn 
should result in a decrease in /,:J\y. In contrast, 
the opposite is observed. Accordingly, lateral en- 
richment of PPDPC into microdomains must take 
place when X,., > 0.10 at 30°C. 

Studies on the phase behaviour and phase tran- 
sition of lipids in different model systems have 
provided a wealth of data on the physical proper- 
ties of various types of membrane alloys and these 
complex temperature-dependent phenomena are 
now known to involve both the hydrocarbon 
phase and the interfacial water (Kinnunen and 
Laggner, 1991). DSC has been widely utilized to 
observe phase transitions and in combination with 
other techniques it allows to establish structural 
properties and phase preference of bilayers and 
their perturbation by molecules of interest 
(Mabrey-Gaud, 1981; McElhaney, 1982). Of the 
model compounds utilized one of the best charac- 
terized is DMPC. Below T,,, the two homologous 
saturated acyl chains of this type of phospholipid 
are mostly in an all-trans configuration and the 
bilayer is in a well-ordered gel state. Upon in- 
creasing temperature a_lamellar-to-undulated- 
lamellar phase transition, pretransition is 
observed. This endotherm reflects rotational tran- 
sitions of the hydrocarbon chains and headgroups 
as well as enhanced lipid hydration (Ceve and 
Marsh, 1987). Further increase in temperature 
causes the subsequent main phase transition at 7,,, 
during which trans-gauche rotational isomer- 
ization of the chains is augmented, thus resulting 
in lateral expansion and decrease in bilayer thick- 
ness (Mabrey-Gaud, 1981). 7,, depends on fatty 
acid chain lengths, degree of unsaturation, chain 
branching, structure of the polar headgroup, as 
well as on water activity. 

Inclusion of ceramide into DMPC strongly 
influences the phase behaviour of the latter as 
revealed by DSC. In brief, incorporation of 
ceramide (up to X,,, = 0.07) into DMPC LUVs 
progressively decreases the pretransition enthalpy 
while 7), increases. Simultaneously, 7,,, increases 
by ~0.7°C while the main transition enthalphy 
decreases and peak width increases. Thereafter, 
increasing X,., further up to 0.16 decreases both 
AH,, and T,,. Unfortunately, our attempts to 
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obtain liposomes at X,,, > 0.30 were not success- 
ful. Accordingly, a complete phase diagram could 
not be constructed, thus impeding interpretation 
of the DSC data. 

Comparison of the above effects of ceramide to 
those exerted by sphingosine is of interest. K6iv et 
al. (1993) showed increasing concentrations of 
sphingosine in DMPC liposomes to increase T,,, 
similarly to ceramide. However, for increasing 
concentrations of sphingosine 7,, also increases, 
in contrast to what is seen when X,,, exceeds 0.16. 
The effects of sphingosine were discussed in terms 
of electrostatic interactions and hydrogen bonding 
with PCs and may additionally involve changes in 
hydration (K6iv et al., 1993; Lopez-Garcia et al., 
1994). Tight packing of ceramides could further 
be promoted by hydrogen bonding between the 
head groups of this lipid. 

Hydrophobic mismatch was first introduced on 
a theoretical basis to provide a mechanism for 
integral proteins to attract lipids of appropriate 
chain length (Mouritsen and Bloom, 1984). This 
mechanism is supported by recent experimental 
evidence (Lehtonen and Kinnunen, 1997). Like- 
wise, there is evidence for hydrophobic mismatch 
being important in lipid—lipid interactions (Mc- 
Mullen et al., 1993; McMullen and McElhaney, 
1995; Lehtonen et al., 1996). For lipid bilayers 
with large differences in the hydrophobic thick- 
ness of their constituents non-random lateral or- 
ganization has been demonstrated (Lehtonen et 
al., 1996). The average chain length of the natural 
ceramide greatly exceeds that in DMPC. It is 
plausible to consider the possibility that due to its 
considerably longer hydrocarbon chain lengths 
ceramide in binary alloys with DMPC would also 
be driven into microdomains, the driving force 
being due to a hydrophobic matching condition. 
Chain—chain interactions in ceramide-enriched 
microdomains can readily be expected to be per- 
turbed by the bulky pyrene moiety of PPDPC. As 
a consequence the latter lipid should be expelled 
from the former more tightly packed domains, 
analogously to what is observed in PPDPC- 
dipalmitoylphosphatidylcholine alloys below the 
T,, (Somerharju et al., 1985). Likewise, removal 
of water from the hydration shell of DMPC di- 
minishes the effective size of the headgroup, thus 
enhancing lipid packing and causing PPDPC to 
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be expelled into the microdomains (Lehtonen and 
Kinnunen, 1995). 

Long chain length alcohols and monocar- 
boxylic acids have been shown to increase the 7,, 
for DPPC (Eliasz et al., 1976). Incorporating the 
high melting ceramide with long chains into 
DMPC bilayers should increase 7,, as observed 
when X,., < 0.05. Simultaneously, increased an- 
isotropy of DPH due to increase in X,,, should be 
evident, as illustrated in Fig. 2. 

Interdigitation in sphingomyelins have been 
shown to be involved when the N-acyl chain 
within the same molecule exceeds markedly from 
the sphingosine chain (Levin et al., 1985; Maulik 
et al., 1986). There is no a priori reason why this 
would not occur also in ceramide—~DMPC alloys. 
Interdigitation should decrease lateral diffusion 
and increase P, as observed. Additionally, T,,, 
should be reduced if the thickness of the inter- 
digitated bilayer is smaller than for DMPC alone. 
Hence, decrease in 7, is observed when X,,, > 
0.14. Unfortunately, such data as described in the 
present communication does not allow for the 
elucidation of the molecular level events un- 
derlying the observed segregation of the fluores- 
cent lipid. For this structural information studies 
such as X-ray scattering are required. Efforts 
along these lines are currently in progress. 

The present study provides evidence for the 
lateral enrichment of the probe PPDPC into 
microdomains to result from the introduction of 
ceramide into binary alloys with DMPC. Phase 
separation and domain formation have been pos- 
tulated to be of functional significance to 
biomembranes (Sackmann, 1980; Kinnunen, 1991; 
Knoll et al., 1991). In sarcoplasmic reticulum 
vesicles, for instance, phase separation of phos- 
pholipids has been correlated to changes in the 
conformation as well as function of Ca* * -ATPase 
(Asturias et al., 1990). Peripheral interactions of 
proteins such as phospholipase A, (Grainger et 
al., 1990; Burack et al., 1993; Maloney et al., 
1995), lipases (Smaby et al., 1994), and cy- 
tochrome c (Mustonen et al., 1987) with mem- 
brane surfaces can be modulated by the lateral 
distribution of phospholipids. Caveolae are 50- 
100 nm diameter invaginations of the plasma 
membrane that represent a specific domain en- 
riched in ceramide (Liu and Anderson, 1995). 








These membrane domains contain G-protein-cou- 
pled receptors and a possible role in signal trans- 
duction has been suggested (Lisanti et al., 1994). 
There is evidence for interleukin-1f binding to a 
sphingomyelin-rich plasma membrane domain 
with the characteristics of caveolae (Liu and An- 
derson, 1995). Hormone binding yielded first dia- 
cylglycerol from phospholipids together with an 
almost concomitant hydrolysis of sphingomyelin 
to ceramide (Liu and Anderson, 1995). These 
authors concluded ceramide production to be 
highly compartmentalized in the cell surface. Egg 
yolk sphingomyelin incorporated into DMPC has 
been reported not to segregate into domains 
(McKeone et al., 1986). Our results suggest the 
possibility of removing the phosphocholine head- 
group by sphingomyelinase to result in lateral 
phase separation of the generated ceramide. In- 
triguingly, in stimulated cells contents of ceramide 
approaches the content of X,.,=0.10 to total 
phospholipid (Hannun, 1996). Exceeding this pro- 
portion of ceramide is interpreted here to form 
microdomains. 

Phase separation could be of importance also in 
membrane fusion (Hoekstra, 1982) and this pro- 
cess has been postulated to play an important role 
in the budding-—fission—fusion sequence in cells 
(Sackmann and Feder, 1995). In view of this idea, 
considering effective molecular shapes, there is a 
resemblance between ceramide and diacylglyc- 
erols. In DPPC bilayers already low contents of 
diglycerol (Xp, ~ 0.06—0.12) become separated 
into microdomains (Ortiz et al., 1988). Interest- 
ingly, it has been recently shown that in vesicle 
fusion and aggregation diacylglycerols and ce- 
ramides have different effects (Ruiz-Argiiello et 
al., 1996). Diacylglycerols induce vesicle aggrega- 
tion followed by fusion. In contrast, ceramide 
promotes aggregation and leakage whereas fusion 
is not observed. These effects were explained in 
terms of the formation of non-lamellar structures 
and increased stability of ceramide-containing 
LUVs. A recent study has shown the elimination 
of pretransition to be predictive of fusogenity of 
binary DPPC-—amphiphile bilayers (Lentz et al., 
1996). However, as ceramide does not promote 
fusion it is possible that an increase in 7, would 
correlate with events preceding fusion, such as 
close apposition and adherence of vesicles. To this 
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end, an increase in 7, is promoted by dehydration 
of the bilayers (Cevc, 1991). This would be in 
agreement with the observations by Lentz et al. 
(1996). 
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Cell membranes can form cubic arrangements and there is evidence for the occurrence of periodic curvature in 
simple membranes. The periodicity of the bilayer implies a standing wave character of vibrational motions. It is 
proposed that the periodic curvature reflects a dominating mode of standing wave oscillations, with the different cubic 
bilayer structures representing alternative standing wave conformations of the bilayer. The wave motions in lamellar 
liquid-crystalline phases, as well as in vesicles and membranes, which lack lateral periodicity, are known to exhibit 
statistically distributed undulations. The standing wave character of conformational fluctuations of periodically 
curved membranes, on the other hand, results in an organisation in time and space. Calculated models of standing 
wave conformations of membranes are demonstrated, and functional aspects of such biomembranes are discussed. 
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1. Introduction 


In connection with work on cubic lipid-water 
phases demonstrating the occurrence of periodi- 
cally curved infinite lipid bilayers, (Hyde et al., 
1984), it was proposed that two-dimensional ana- 
logues to this bilayer conformation might occur in 
cell membranes (Larsson and Andersson, 1986: 
Larsson, 1988, 1989). Helfrich (1989) has pro- 
posed a similar model for ‘membrane roughness’ 
involving ‘highly localised saddles of very large 





curvature’, which later was confirmed in electron 
microscopy studies of phospholipid vesicles (K16s- 
gen and Helfrich, 1993). 

A modification of the earlier minimal surface 
description of cubic lipid bilayer was recently 
proposed, where the bilayer conformation is a 
result of standing wave oscillations (Jacob et al., 
1997). This approach proved to be very useful 
when describing the structure and properties of 
colloidal particles of cubic lipid-water phases 
(Gustavsson et al., 1996). Additional evidence for 
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this description of cubic bilayer structures are 
given below, including the dynamic conformation 
of cell membranes. 


2. A standing wave description of the infinite 
bilayer in cubic lipid-water phases 


The introduction of the infinite periodic mini- 
mal surface (IPMS) concept resulted in a signifi- 
cant progress in the understanding of the 
structure of cubic lipid-water phases. According 
to the IPMS description, the surface separating 
each half of the bilayer follows one of three 
fundamental IPMSs; The so-called primitive sur- 
face corresponds to the Q,-phase with space 
group Im3m, the diamond surface corresponds to 
the Q,-phase with space group Pn3m, and the 
gyroid surface corresponds to the C,,-phase with 
space group Ia3d. The relations between the two 
cubic structures exhibited by glycerolmonooleate, 
for example, could be explained by this descrip- 
tion (Hyde et al., 1984). In the search for mathe- 
matical approximations for the complex analytical 
representation of IPMSs, von Schnering and Nes- 
per (1991) discovered the nodal surface (NS) de- 
scription. These surfaces are obtained by simple 
trigonometric functions, which in the case of the 
P, D and G surfaces are very close to the corre- 
sponding IPMS. von Schnering and Nesper (1991) 
performed Fourier series calculations like those 
used to calculate the electron density distribution 
within the unit cell. Only one structure factor with 
lowest order index was used, and setting this 
function equal to zero, a surface separating space 
into two congruent regions of opposite sign was 
obtained. This surface was found to follow the 
corresponding IPMS closely. In the case of the 
P-surface, for example, a structure factor (with an 
arbitrary absolute value) with index (100) and 
phase angle equal to zero was used. The space 
group symmetry then gives the function: 


COS X + COS Vy + COS Z 


Setting this function equal to zero, its roots are 
obtained (or, regarding it as a wave function, its 
nodes). Similar simple expressions were obtained 
in the case of the D- and G-surfaces. 








As pointed out by von Schnering and Nesper 
(1991) their calculated NSs have no direct physi- 
cal meaning, and the lack of explanation of the 
agreement between IMPSs and NSs was also re- 
cently discussed by Hoffman (1996). It is pro- 
posed here that the NS-description applied on 
cubic lipid-water phases has revealed the true 
dynamic structure of the bilayers. 

Wave motions, ‘undulations’, is a generally ac- 
cepted structural feature of the lipid bilayer in 
lamellar liquid-crystalline phase, and wave-lengths 
and amplitudes have even been evaluated experi- 
mentally from dimensions determined by X-ray 
diffraction. The molecular disorder is almost the 
same in a cubic bilayer (Lindblom et al., 1979), 
and a similar degree of wave motions due to 
thermal excitations as in lamellar phases must be 
expected. The three-dimensional periodicity of the 
cubic bilayer means that the mobility must form 
standing waves. It seems natural to consider 
standing wave conformations of the bilayer with 
the same periodicity and symmetry as exhibited 
by the observed cubic unit cell. (The symmetry as 
determined by X-ray diffraction corresponds to 
the time-average of all motions, due to the fre- 
quency of the X-ray light compared to any vibra- 
tional motion.) This is in fact the conformation 
provided by the NS-description. It is assumed that 
this wave conformation represents one dominat- 
ing oscillation mode, which seems reasonable with 
regard to the uniform character of undulations in 
lamellar phases. 

If we again consider the P-surface, the centre of 
the cubic bilayer will follow the wave equation 
(Jacob et al., 1997): 


cos x + cos y+cosz—p=0 


where p at a particular point (xyz) varies with 
time, and when p = 0 the nodal surface is reached. 
If we consider one structure unit of the C,-phase, 
these wave oscillations represent the breathing 
mode of the unit (joined by six catenoids to 
adjacent units in the x-, y-, and z-directions). 
When a structure unit on one side of the bilayer is 
expanding, the unit on the other side is com- 
pressed. The phase of these standing wave breath- 
ing oscillations will vary from one unit cell to the 
next, as defined by the wave vector. 














The standing-wave description takes into ac- 
count the dynamic behaviour of the bilayer. Dif- 
ferent arguments used in favour of the IPMS 
description of the bilayer are usually based on 
consequences of the zero value of the average 
curvature, for example that there is no difference 
in hydrostatic pressure between the two sides of 
such a bilayer. In the standing wave description, 
oscillations of the bilayer results in pressure fluc- 
tuations within the lipid monolayer and the water 
channel networks on each side of the surface at 
the centre of the bilayer. The main evidence sup- 
porting the standing wave model of the cubic 
bilayer is the possibility to describe physical phe- 
nomena exhibited by cubic membrane assemblies 
(cubosomes) as direct consequences of wave con- 
formation changes. Fusion or bud-off processes of 
vesicles in relation to cubosomes in calculated 
bilayer models were thus observed as direct effects 
of minor variations in wave conformation (Jacob 
et al., 1997). Cubic cell membrane assemblies 
occur frequently (Hyde et al., 1997), and these 
phenomena are therefore of biological interest. 


3. Periodically curved bilayer conformation 
occurring in a cell membrane implies standing 
wave oscillations 


Some consequences of standing wave motions 
in a two-dimensional bilayer forming a membrane 
have been considered earlier (Larsson et al., 
1996), and an extended discussion is presented 
here as a basis for the proposal that this dynamic 
conformation represents a relevant structural state 
of cell membranes. As mentioned earlier the mere 
existence of crystallographic periodicity means 
that the molecular motions are coupled, forming 
standing waves. This must also be the case in a 
two-dimensional structure with periodic curva- 
ture, such as a cell membrane. A uniform elastic 
rigidity is a requirement for the periodicity. The 
elasticity of the bilayer is determined by the de- 
sired average molecular shape of the lipid 
molecules. The transition from a lamellar liquid- 
crystalline phase into a cubic bilayer phase can be 
described as a change in average molecular shape; 
from a cylindrical to a conical shape. Sometimes 
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this transition is a result of increased thermal 
disorder of the hydrocarbon chains (Lindblom et 
al., 1979), resulting in an increased inner pressure 
in the bilayer. In a similar way, the formation of 
a bilayer with periodic curvature in two dimen- 
sions, analogous to a cubic bilayer, is favoured by 
a conical average molecular shape. Expected two- 
dimensional structure analogues of the C,-phase 
is a bilayer along the (111)-plane, of the C,-phase 
a bilayer along the (100)-plane and of the C,- 
phase a bilayer along the (111)-plane (Larsson, 
1989). Such curved bilayers are expected to have a 
higher inner pressure and consequently a higher 
elastic rigidity than the bilayer of lamellar phases. 

Membrane lipids usually form a lamellar liquid- 
crystalline phase with water, with existence range 
very close to a transition into a reversed phase, 
either cubic or reversed hexagonal (Lindblom and 
Rilfors, 1989; de Kruijff, 1997). Furthermore vari- 
ations in environmental factors, like pressure or 
temperature, results in changes in the membrane 
composition so as to keep the conformation of the 
bilayer close to the transition into a reversed 
phase. As mentioned earlier the reversed struc- 
tures, such as a cubic bilayer, are characterised by 
an average conical molecular shape and a higher 
inner packing pressure. It might be expected that 
membrane-embedded enzymes controlling mem- 
brane lipid composition are monitored by the 
inner packing pressure of the bilayer (Larsson, 
1988). Seddon (1990) has analysed the mechanical 
properties of the bilayer, and from the stress 
profile it is concluded that non-planar sponta- 
neous curvatures should occur frequently. This 
tendency should be more pronounced in cell 
membranes, with an asymmetric lipid distribution 
over the bilayer. Therefore it seems likely that the 
membrane can exhibit periodic curvature, with 
mechanisms for control of inner pressure (deter- 
mining elastic rigidity and wave structure). 

Wave conformations of a membrane can be 
illustrated by applying the NS-description of the 
Cp-, Cp- or C,-structures on a surface, assuming 
that the curvature of the bilayer in two-dimen- 
sions is related to that of cubic bilayer phases. 
Such conformations can be calculated using the 
exponential structure description approach by 
Andersson and Jacob (1997). One feature of this 
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description is a continuous change from inner 
periodicity to outer shape. An illustration of 
standing wave oscillations of a membrane of 
spherical shape is given in Fig. 1. The variations 
in amplitude of the oscillations is obtained here 
by applying a weight factor to the NS-function. 
An almost identical membrane conformation of 
L-form cells from Streptomyces hygroscopicus and 
from vesicles formed by their lipids has been 
observed (Meyer et al., 1990). 

A similar calculation modelling an oscillating 
periodic membrane with outer cylindrical shape is 
shown in Fig. 2. These calculations should only be 
regarded as indications of possible standing wave 
conformations. In order to get a uniform wave 
conformation in this way, the outer shape must 
follow the C,(100)-, C,(111) or C,(111)-surface 
structure (giving square or hexagon repetition 
units) in all directions. It can also be mentioned 
that the C,,-surface can provide chirality to the 
membrane curvature. 

As discussed above in connection with cubo- 
somes, it is assumed that there is one dominating 
mode of wave oscillations, which is directly re- 
lated to the periodicity of the curvature. The 
oscillations represents contraction and expansion 
of the bilayer in relation to the time-averaged 
conformation. This average conformation is as- 
sumed to be of the same order of magnitude as 
observed in erythrocyte membranes (Zeeman et 
al., 1990) with a wave-length of about 100 nm. 
and an amplitude of about 10 nm. The frequency 
of this kind of bilayer motions is considered to be 
about 10 Hz (Sackmann, 1996). There are less 
information available on probable size of the 
standing wave conformational variations, which is 
related to the elastic rigidity of the bilayer. They 
can be expressed as variations in average cross- 





Fig. 1. Illustration of the time-averaged extremes of the con- 
formations of standing wave oscillations of a membrane of 
spherical shape, calculated using Mathematica version 2.2 for 
Macintosh. In the case of a spherical shape it is possible to add 
the NS-function directly to the sphere. The NS-description of 
the gyroid surface with weight factors w=0.4 and w=0.6, 
respectively were applied according to: 


w(cos 27x sin 27z + cos 2zy sin 2px + cos 2zx sin 2xy) + x? 


+y?+4+27=12 


section area per lipid molecule, and there are 
some data on this from X-ray studies of bilayer 
dimensions of cubic phases with different curva- 
tures (Hyde et al., 1984). 

Wave-like motions of lipid bilayers in vesicles 
and membranes have earlier been frequently dis- 
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Fig. 2. Illustration of the time-averaged conformation of a cylindrical membrane with standing wave oscillations according to the 


NS-function of the D-surface, calculated using the exponential structure description by Andersson and Jacob (1997) according to: 


, > or 


0 8(eo°s 22x cos 2zy cos 272 + sin 27x sin 27y sin 27 7) + e* : wy e” 4 e~ +e 


cussed, cf. (Lipovsky, 1991; Sackmann, 1996). 
These undulations/fluctuations have been as- 
sumed to occur statistically along the bilayer, and 
the bilayer units moving in and out have been 
modelled as a two-dimensional gas. It seems natu- 
ral to assume this kind of wave movement when 
the bilayer lacks lateral periodicity. With periodic 
curvature occurring in the membrane, the bilayer 
will exhibit standing waves, providing an organi- 
sation of the membrane in time and space. The 
elastic rigidity of the bilayer will determine 
whether or not standing wave motions will occur. 
The membrane might in this respect be compared 





= 10. 


with a violin string. Standing waves can not be 
obtained unless the string is under tension. 


4. Functional aspects of standing wave 
conformations in membranes 


A membrane with periodic curvature, which 
therefore shows standing wave motions, repre- 
sents a mechanical equilibrium along the whole 
membrane surface. A mechanical disturbance, the 
fusion of a vesicle, or a conformational change 
inside the bilayer of a membrane protein will be 
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sensed over the whole membrane within the time 
of the standing wave frequency (neglecting damp- 
ing effects). 

Another consequence of standing wave motions 
of a membrane is the dynamic behaviour of the 
electric field induced by the electric double-layer, 
involving sensing of motion of neighbouring 
membranes and a tendency towards synchronisa- 
tion. 
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Abstract 








Amphiphiles that form high-axial-ratio-microstructures (HARMs) are being considered as novel materials for 
controlled release of drugs and other biologically functional molecules. HARMs consisting of tubules, ribbons, solid 
rods and helices are formed from sphingolipids by addition of water to a solution of amphiphile in DMF. Single 
molecular species of galactocerebroside (GalCer) containing long unsaturated fatty acid chains or natural GalCer 
containing mixed-length, non-hydroxy fatty acids (NFA-GalCer) or «-hydroxy fatty acids (HFA-GalCer) form 
cylindrical structures. In contrast, single molecular species of GalCer containing long saturated fatty acids form 
ribbons and helices. GalCer HARMs are typically under 100 nm in diameter and have lengths of several microns. The 
importance of the amide of GalCer for HARM formation was evaluated using psychosine, which forms solid fibers, 
whereas sphingosine and an analog of GalCer in which the amide is reduced to a secondary amine form amorphous 
aggregates. Single molecular species of ceramide containing long unsaturated fatty acid chains form cylindrical 
structures, whereas those with long saturated fatty acids form ribbons and helices. Short chain saturated ceramide 
also forms cylindrical structures. GalCer analogs with N-acetyl-glycine in place of the galactose form fibers whereas 
those with N-acetyl-proline yield amorphous material. The N-acetyl-proline-containing amphiphile can de doped into 
pure GalCer or NFA-GalCer without perturbing tubule formation. © 1997 Elsevier Science Ireland Ltd. 
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1. Introduction 


Recently there have been reports demonstrating 
* Corresponding author. that two-chain amphiphiles can self-organize into 
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Helix consisting of one or more bilayers. 


Tubule--a continuous hollow bilayer cylinder. 





Cochleate cylinder formed by rolled-up bilayer. 


Fig. 1. Schematic images of tubules, cochleate cylinders, ribbons and helices. 


stable, crystalline, nonliposomal microstructures 
when suspended in aqueous media (Yamada et 
al., 1984; Nakashima et al., 1984; Fuhrhop et al., 
1988; Shimizu and Hato, 1993; Yager and 
Schoen, 1984; Georger et al., 1987). Such high-ax- 
ial-ratio-microstructures (HARMs) include 
tubules, twisted ribbons, helices, and cochleate 
cylinders (Fig. 1). Theories on microstructure for- 
mation have been advanced for synthetic lipid 
systems such as phosphatidylcholine with bu- 
tadiyne-containing hydrocarbon chains, and such 
theories have been applied to other HARM sys- 
tems (Selinger et al., 1996; Nandi and Bagchi, 
1996 and references therein). In short, such theo- 
ries propose that HARM formation is the result 
of intrinsic bending of rectangular bilayer lipid 
sheets due to chiral packing of molecules in a 
membrane. Interest in natural and _ synthetic 
HARMs has stemmed primarily from their poten- 
tial use as templates for mineralization and metal- 
lation, for their appearance in _ biological 
structures, for their implication in lipid storage 
diseases and as drug-delivery systems (Schnur et 
al., 1990; Behroozi et al., 1990; Chappell and 
Yager, 1992; Schnur et al., 1994; Mann et al., 
1993; Rudolph et al., 1988; Archibald and Mann, 
1994; Schnur et al., 1987). Such lipid molecular 
assemblies should have several advantages over 
current delivery systems: they require neither a 
macroscopic matrix nor a pump to achieve con- 
tinuous drug release (by a zero-order kinetic dis- 
solution process), they can limit drug exposure to 
the desired site of action and such assemblies may 


provide better shielding of the drug from prema- 
ture metabolic degradation. 

Sphingolipids have been reported to form 
HARMs (Kulkarni et al., 1995; Archibald and 
Mann, 1993; Archibald and Yager, 1992; Cura- 
tolo and Neuringer, 1986). Cerebrosides are the 
simplest mammalian glycosphingolipids. These 
lipids consist of a galactose or glucose headgroup 
attached to a nonpolar ceramide. Due to order- 
disorder transition temperatures (7,,,) well above 
body temperature, cerebrosides are thought to 
impart order to membranes (Curatolo and Neu- 
ringer, 1986). In lipid storage diseases such as 
Gaucher’s and Krabbe’s disease, cerebroside accu- 
mulation disrupts normal membrane function and 
forms intracellular lipid deposits (Naito et al., 
1988). Such deposits give rise to microstructures 
within the afflicted cells (Yunis and Lee, 1970). 
Furthermore, galactocerebroside (GalCer) is a 
major component of myelin and the intestinal 
brush border and thus contributes to these mem- 
brane’s physical properties. Ceramide (Cer), the 
product of hydrolytic removal of the sugar from 
cerebroside, is thought to serve in cell signal 
transduction (Bielawska et al., 1996). Further hy- 
drolysis yields, in addition to fatty acids, sphin- 
gosine, which also participates in cell signaling 
(Bielawska et al., 1996). 

Earlier investigations into the ability of sphin- 
golipids to form microstructures focused on the 
development of new formation techniques and, to 
a limited extent, pure GalCer species. In this 
paper, we demonstrate that it is possible to form 
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HARMs from various pure GalCer and Cer spe- 
cies using a new formation technique. Further- 
more, synthesized GalCer analogs were converted 
to microstructures either as single molecular spe- 
cies Or as a component of binary mixtures. These 
studies are a necessary prelude to understanding 
the basic structural requirements for sphingolipid 
molecular assemblies. 


2. Experimental procedures 
2.1. Materials 


All materials were of reagent grade purity and 
used as received. D-erythro-sphingosine was pur- 
chased from Avanti Polar Lipids. All other non- 
synthesized lipids were purchased from Sigma (St. 
Louis, MO). 'H NMR spectra were obtained in 
CDCl, using a Bruker 300 MHz or 500 MHz 
NMR spectrometer with tetramethylsilane as an 
internal standard. Silica gel (EM Science Silica 
Gel 60, 230-400 Mesh) was used for all flash 
chromatography. Thin layer chromatography was 
performed using Silica Gel 60 F254 (EM Science). 


2.1.1. Microscopy 

Phase contrast optical micrographs were taken 
using a Zeiss ICM 405 microscope (Carl Zeiss, 
Thornwood, NY) with 40x (NA 0.75) phase 
contrast lenses. Transmission electron micro- 
graphs (TEM) were obtained using a Philips EM 
410 electron microscope operating at an accelera- 
tion potential of 80 kV. Samples were applied to 
Formvar-coated 150 mesh copper TEM sample 
grids with and without negative stain (2% 
aqueous ammonium molybdate pH 5.0). 


2.1.2. Calorimetery 

Differential scanning calorimetery was _ per- 
formed using a Seiko DSC-100 high sensitivity 
calorimeter. Known concentrations of aqueous 
lipid suspensions (50 yl) were heated from 1- 
95°C at 1°C/min in 70 ul silver calorimetery pans. 
In order to insure proper hydration of the lipids, 
each sample was pre-heated under the same con- 
ditions before the actual run. After calorimetery, 
the pan’s contents were analyzed for decomposi- 
tion by thin layer chromatography. 





2.2. Chemical synthesis 


The chemical synthesis of amphiphiles not com- 
mercially available is shown in Fig. 2. 


2.2.1. N-hydroxysuccinimide ester of nervonic 
acid 

The N-hydroxysuccinimide ester of nervonic 
acid was prepared according to Lapidot et al. 
(1967): Nervonic acid (0.558 g, 1.52 mmol) and 
N-hydroxysuccinimide (0.175 g, 1.52 mmol) in 60 
ml anhydrous EtOAc were stirred overnight with 
dicyclohexylcarbodiimide (0.314 g, 1.52 mmol). 
The white precipitate was removed, and the super- 
natant evaporated in vacuo. The residue was re- 
crystallized from EtOH to _ provide the 
N-hydroxysuccinimide ester of nervonic acid as 
fine white needles (0.539 g, 76%): m.p. 58—60°C; 
R, (CHCI,) 0.24; 'H NMR (500 MHz) 5.35 (t, 2H, 
C-15, C-16, J = 5.0 Hz), 2.81 (d, 4H, succinimide, 
J =4.5 Hz), 2.60 (t, 2H, C-2, J = 7.6 Hz), 2.01 (m, 
4H, C-14, C-17), 1.74 (t, 2H, C-3, J=5.5 Hz), 
0.88 (t, 3H, C-24, J=7.0 Hz). 


2.2.2. N-nervonoyl ceramide (24:1-cer) 
N-nervonoyl ceramide was prepared according 

to Ong and Brady (1972): The N-hydroxysuccin- 

imide ester of nervonic acid (0.092 g, 198.4 uwmol) 


° 


3. 
° = 
3% Li i#%1o™ 





24:1-Cer A Madi. 
OH 
0 ° ° 
wee b-d, f, Aare 
- one oe? wis “7 NAcPro-24:1-Cer 
S - SS 
lis teat io Qa,” 
OH fe) OH 
| h i tS 24:1-Amine 
a — ea ae 
11 
OH 
NH, i 
PA i, j won 2:0-Cer 
11 ————» HO. A ~ 
ts al iii“ 
OH 
Sphingosine 


a) N-hydroxysuccinimide ester of nervonic acid b) TrCil, DMAP 

c) tBuPh,SiCl, imidazole d) TsOH e) N-acetyiglycine, DCC, DMAP 
f) N-acetyl-L-Proline, DCC, DMAP g) n-Bu,NF h) LiAIH, 

i) AczO, pyridine j) K,CO,/MeOH 


Fig. 2. Chemical synthesis of amphiphiles not commercially 
purchased. 
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and sphingosine (0.062 g, 207.0 u~mol) were dis- 
solved in 10 ml anhydrous THF and stirred 
overnight under Ar. Flash chromatography 
(1:0:0-90:10:1 CHCIl,;:MeOH:NH,OH) provided 
N-nervonoyl ceramide as a white solid (0.118 g, 
91%): R, (9:1 CHCI,:MeOH) 0.47; 'H NMR (500 
MHz) 6.22 (d, 1H, NH, J = 7.1 Hz), 5.73 (m, 1H, 
C-5), 5.53 (dd, 1H, C-4, J = 6.3, 15.4 Hz), 5.34 (t, 
2H, C-15’, C-16’, J=4.6 Hz), 4.30 (t, 1H, C-3, 
J = 3.8 Hz), 3.96 (dd, 1H, C-1, J=3.1, 11.0 Hz), 
3.91 (m, 1H, C-2), 3.71 (dd, 1H, C-1, J = 3.1, 11.0 
Hz), 2.22 (t, 2H, C-2’, J=7.4 Hz), 2.00 (m, 6H, 
C-6, C-14’, C-17’), 1.60 (t, 2H, C-3’, J= 7.8 Hz), 
0.88 (t, 6H, C-18, C-24’, J=6.3 Hz). 


2.2.3. N-nervonoyl-1-0-triphenylmethyl ceramide 
N-nervonoyl ceramide (0.018 g, 27.8 mmol), 
triphenylmethyl chloride (0.015 g, 55.5 mmol) and 
N,N-dimethyl-4-aminopyridine (0.007 g, 55.5 
mmol) in 20 ml anhydrous toluene were refluxed 
for 16 h under Ar. The solvent was removed by 
rotary evaporation and the residue purified by 
flash chromatography (9:1-1:1 hexane:EtOAc) to 
provide WN-nervonoyl-1-0-triphenylmethyl — ce- 
ramide as a white solid (0.018 g, 72%): R, (3:1 
hexane:EtOAc) 0.21; 'H NMR (300 MHz) 7.42- 
7.22 (m, 15H), 6.06 (d, 1H, NH, J = 7.9 Hz), 5.63 
(m, 1H, C-5), 5.35 (t, 2H, C-15’, C-16’, J=5.2 
Hz), 5.25 (dd, 1H, C-4, J = 6.2, 15.5 Hz), 4.18 (m, 
1H, C-2), 3.69 (dd, 1H, C-3, J = 3.9, 7.8 Hz), 3.32 
(m, 2H, C-1), 2.20 (t, 2H, C-2’, J= 8.1 Hz), 2.00 
(m, 4H, C-14’, C-17’), 1.91 (m, 2H, C-6), 1.64 (m, 
2H, C-3’), 0.88 (t, 6H, C-18, C-24’, J=6.5 Hz). 


2.2.4. N-nervonoyl-1-0-triphenylmethyl-3-O-[t- 
butyldiphenylsilyl] ceramide 

The title compound was prepared according to 
Numata et al. (1988): N-nervonoyl-1-O-triphenyl- 
methyl ceramide (0.108 g, 0.12 mmol), imidazole 
(0.066 g, 0.97 mmol), and ¢-butylchlorodiphenyl- 
silane (0.79 ml, 3.03 mmol) were stirred 19.5 h in 
25 ml anhydrous DMF under Ar. Twenty five ml 
of H,O was added and the mixture extracted with 
Et,O (3 x 15 ml). The ether extracts were washed 
with 10 ml H,O and 10 ml saturated NaCl (aq). 
Flash chromatography (15:1-2:1 hexane:EtOAc 
and | ml triethylamine/100 ml of solvent) pro- 








vided the title compound as a white solid (0.090 g, 
66%): R, (3:1 hexane:EtOAc) 0.66; 'H NMR (300 
MHz) 7.70—7.23 (m, 25H), 5.36—5.25 (m, 5H, 
NH, C-4, C-5, C-15’, C-16’), 4.39 (t, 1H, C-3, 
J = 5.4 Hz), 4.18 (m, 1H, C-2), 3.94 (dd, 1H, C-1, 
J=5.1, 10.4 Hz), 3.70 (dd, 1H, C-1, J = 5.1, 10.4 
Hz), 2.00 (m, 4H, C-14’, C-17’), 1.86 (m, 2H, 
C-2’), 1.72 (m, 2H, C-6), 1.44 (m, 2H, C-3’), 1.04 
(s, 9H, t-Bu), 0.88 (t, 6H, C-18, C-24, J=7.3 
Hz). 


2.2.5. N-nervonoyl-3-O-[t-butyldiphenylsilyl] 
ceramide 

Compound 2.2.4. was detritylated according to 
Koike et al. (1986): N-nervonoyl-1-0-triphenyl- 
methyl-3-O-[t-butyldiphenylsilyl] ceramide (0.093 
g, 82.4 wmol) was stirred for 4 h with p-toluene- 
sulfonic acid monohydrate (0.010 g, 49.4 ~mol) in 
20 ml 1:1 MeOH:CH,Cl,. Et,O (40 ml) was 
added, and the solution was washed with 10 ml 
5% NaHCO, (aq) and 10 ml H,O. Flash chro- 
matography (6:1-0:1 hexane:EtOAc) provided 
product as a white solid (0.034 g, 47%): Ry (3:1 
hexane:EtOAc) 0.15; 'H NMR (500 MHz) 7.67- 
7.30 (m, 10H), 5.93 (d, 1H, NH, J=7.1 Hz), 
5.42—5.33 (m, 4H, C-4, C-5, C-15’, C-16’), 4.34 (t, 
1H, C-3, J=4.5 Hz), 3.97-3.82 (m, 2H, C-1, C-2), 
3.60 (m, 1H, C-1), 3.14 (m, 1H, OH), 1.98 (m, 6H, 
C-2', C-14’, C-17’), 1.86 (m, 2H, C-6), 1.55 (m, 
2H, C-3’), 1.07 (s, 9H, t-Bu), 0.88 (t, 6H, C-18, 
C-24’, J=7.0 Hz). 


2.2.6. N-nervonoyl-1-O-(N-acetyl-glycine )-3- 
O-[t-butyldiphenylsilyl] ceramide 

Amino acylation was adapted from the proce- 
dure of Neises and Steglich (1985): N-nervonoyl- 
3-O-[t-butyldiphenylsilyl] ceramide (0.021 g, 23.7 
umol), N-acetyl-glycine (0.006 g, 47.4 ~mol), and 
N,N-dimethyl-4-aminopyridine (0.06 g, 47.4 
mmol) in 21 ml 2:5 CH,CN:CH,Cl, (anhydrous) 
were stirred for 2 h under Ar. Dicyclohexylcar- 
bodiimide (0.010 g, 47.4 mmol) was added and 
the reaction stirred for 24 h under Ar. The sol- 
vents were removed in vacuo. Flash chromatogra- 
phy (5:1-0:1 hexane:EtOAc) of the residue 
provided product as a white solid (0.016 g, 70%): 
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R, (1:1 hexane:EtOAc) 0.23; 'H NMR (300 MHz) 
7.67—7.57 (dd, 4H), 7.46—7.33 (m, 6H), 6.09 (bs, 
1H, NH), 5.51—5.29 (m, 4H, C-4, C-5, C-15’, 
C-16’), 4.40 (dd, 1H, C-3, J= 2.9, 10.8 Hz), 4.26 
(bs, 2H, C-1), 4.12 (m, 1H, C-2), 3.93 (t, 2H, 
glycine, J = 11.3 Hz), 2.00 (s, 3H, NAc), 1.05 (s, 
9H, t-Bu), 0.88 (t, 6H, C-18, C-24’, J = 6.4 Hz). 


2.2.7. N-nervonoyl-1-O-(N-acetyl-l-proline)- 
3-O-[t-butyldiphenylsilyl] ceramide 

N-nervonoyl-3-O-[t-butyldiphenylsilyl] — cera- 
mide (0.034 g, 38.4 yuwmol), N-acetyl-L-proline 
(0.010 g, 63.6 ywmol), and WN,N-dimethyl-4- 
aminopyridine (0.011 g, 90.0 wzmol) in 15 ml 1:2 
CH,CN:CH,Cl, (anhydrous) were stirred for 30 
min under Ar. Dicyclohexylcarbodiimide (0.012 g, 
57.5 xmol) was added and the reaction stirred for 
24 h under Ar. The white precipitate was removed 
by vacuum filtration and the solvents evaporated 
in vacuo. Flash chromatography (6:1-0:1 hex- 
ane:EtOAc) of the residue provided product as a 
white solid (0.029 g, 74%): R, (1:1 hexane:EtOAc) 
0.29; 'H NMR (300 MHz) 7.68—7.59 (dd, 4H), 
7.43—7.26 (m, 6H), 6.14 (d, 1H, NH, J = 8.8 Hz), 
5.41—5.29 (m, 3H, C-4, C-15’, C-16’), 5.14 (dt, 
1H, C-5, J =4.0, 8.8 Hz), 4.69 (d, 1H, «, J=7.7 
Hz), 4.39 (dd, 1H, C-3, J = 3.6, 8.1 Hz), 4.27 (d, 
2H, C-1, J= 12.4 Hz), 4.02 (t, 1H, C-2, J=7.3 
Hz), 3.44 (t, 2H, 6, J= 6.4 Hz), 2.16 (m, 2H, #), 
2.02-1.91 (m, 13H, C-6, C-2’, C-14’, C-17, y», 
NAc), 1.49 (m, 2H, C-3’), 1.03 (s, 9H, t-Bu), 0.88 
(t, 6H, C-18, C-24’, J= 6.6 Hz). 


2.2.8. N-nervonoyl-1-O-(N-acetyl-glycine) 
ceramide (NAcGly-24:1-Cer) 

Desilylation was performed according to 
Hanessian and Lavallee (1975): N-nervonoyl-1-O- 
(N-acetyl-glycine)-3-O-[t-butyldiphenylsilyl] — ce- 
ramide (0.009 g, 9.1 ~wmol) in 10 ml anhydrous 
THF and 0.01 ml 1.0 M a-butylammonium 
fluoride in THF were stirred for 1 h under Ar. 
The solvent was removed by rotary evaporation 
and the residue purified by flash chromatography 
(2:1-0:1 hexane:EtOAc) to provide compound 


product as a white solid (0.002 g, 29%): R,; 


(EtOAc) 0.25; 'H NMR (500 MHz) 6.11 (bs, 1H, 


NH), 6.01 (bs, 1H, NH), 5.76 (dt, 1H, C-5, J= 
6.7, 15.5), 5.48 (dd, 1H, C-4, J=6.2, 15.5 Hz), 
5.33 (t, 2H, C-15’, C-16’, J= 5.0 Hz), 4.33 (d, 2H, 
gly), 4.15 (m, 2H, C-2, C-3), 4.00 (m, 2H, C-1), 
2.17 (t, 2H, C-2’, J=4.4 Hz), 2.03 (s, 3H, NAc), 
0.86 (t, 6H, C-18, C-24’, J= 6.6 Hz). 


2.2.9. N-nervonoyl-1-O-(N-acetyl-L-proline) 
ceramide (NAcPro-24:1-Cer) 

Desilylation was performed according to 
Hanessian and Lavallee (1975): N-nervonoyl-1-O- 
(N-acetyl-L-proline)-3-O-[t-butyldiphenylsilyl] ce- 
ramide (0.021 g, 20.5 ~mol) in 12 ml anhydrous 
THF and 0.01 ml 1.0 M na-butylammonium 
fluoride (in THF) were stirred for 2 h under Ar. 
The solvent was removed by rotary evaporation 
and the residue purified by flash chromatography 
(3:1-0:1 hexane:EtOAc) to provide product as a 
white solid (0.011 g, 69%): R, (EtOAc) 0.31; 'H 
NMR (500 MHz) 6.66 (d, 1H, NH, J = 7.7 Hz), 
5.70 (dt, 1H, C-5, J=6.7, 15.5), 5.47 (dd, 1H, 
C-4, J=6.2, 15.5 Hz), 5.32 (t, 2H, C-15’, C-16, 
J = 4.6 Hz), 4.47-4.26 (m, 4H, a, C-2, C-3), 4.06 
(bs, 2H, C-1), 3.64-3.50 (dm, 2H, 0), 3.30 (bs, 1H, 
OH), 2.18 (m, 2H, f#), 2.07 (s, 3H, NAc), 1.99 (m, 
1OH, C-6, C-2’, C-14’, C-17, y), 1.59 (m, 2H, 
C-3’), 0.86 (t, 6H, C-18, C-24’, J= 7.0 Hz). 


2.2.10. N-tetracos-15(Z)-enyl-sphingosine 
24:1-Amine) 

Nervonoyl ceramide (0.015 g, 23.1 ~mol) was 
dissolved in 12 ml anhydrous Et,O. Lithium alu- 
minum hydride (0.021 g, 485.8 ~mol) was added, 
and the mixture was refluxed for 1.5 h and then 
stirred at room temperature for 48 h. Excess 
hydride reagent was quenched by addition of 3 ml 
EtOAc followed by | drop of saturated Na,SO, 
(aq). The resultant white precipitate was filtered 
and the solution purified by flash chromatography 
(1:0-20:1 CHCI,:MeOH) to provide 24:1-Amine 
as a white solid (0.051 g, 33%): R, (9:1 
CHCI,:MeOH) 0.19; 'H NMR (500 MHz) 5.87 
(dt, 1H, C-5, J=6.7, 15.5), 5.45 (dd, 1H, C-4, 
J = 5.7, 15.5 Hz), 5.35 (t, 2H, C-15’, C-16’, J=4.9 
Hz), 4.69 (bs, C-3), 4.05 (dd, 1H, C-1, J = 4.6, 
12.9 Hz), 3.90 (dd, 1H, C-l, J=4.6, 12.9 Hz), 
3.46 (m, 1H, NH), 2.95 (m, 1H, C-2), 2.08-1.99 
(m, 6H, C-6, C-14’, C-17’), 0.88 (t, 6H, C-18, 
C-24’, J=6.7 Hz). 
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2.2.11. N-acetyl ceramide (2:0-Cer) 

Sphingosine (0.008 g, 26.7 wmol) in 10 ml 1:1 
CH,Cl,:pyridine and | ml acetic anhydride were 
stirred for 4.5 h and then evaporated in vacuo. 
The residue was dissolved in 10 ml MeOH, and 
K,CO, (0.025 g, 180.8 w~mol) was added. After 
stirring overnight, the solvent was removed in 
vacuo and the residue purified by flash chro- 
matography (1:0-20:1 CHCl,:MeOH) to provide 
product as a white solid (0.004 g, 44%): R, (9:1 
CHCI,:MeOH) 0.35; 'H NMR (300 MHz) 6.32 
(d, 1H, NH), 5.78 (dt, 1H, C-5, J = 6.7, 15.5), 5.50 
(dd, 1H, C-4, J = 3.6, 15.5 Hz), 4.35 (bt, 1H, C-3, 
J = 5.8 Hz), 3.97 (dd, 1H, C-1, J = 3.5, 11.2 Hz), 
3.93 (m, 1H, C-2), 3.71 (dd, 1H, C-1, J = 3.5, 11.2 
Hz), 2.30 (t, 3H, C-6, J=9.0 Hz), 2.05 (m, 7H, 
NAc, C-14’, C-17’), 0.89 (t, 3H, C-18 J = 3.4 Hz). 


2.3. Microstructure formation studies 


Several methods were employed to determine 
the tendency of the lipids to form HARMs. 


2.3.1. DMF/H,O 

Amphiphile (0.1 mg) was dissolved in anhy- 
drous DMF so that the concentration was 1.0 
mM. Water was added in ~10 ul increments 
until the solution became cloudy. The resulting 
suspensions were incubated at 20°C for 2—24 h. 
For larger amounts of amphiphile, water was 
added with vortex mixing ( ~ 3 s) between addi- 
tions. 


2.3.1.1. DMF /saline. To NFA-GalCer dissolved in 
DMF (0.8 mg/ml) was added a saturated saline 
solution of LiBr, LiCl, NaCl or MgCl, (50% by 
volume) while hand swirling. The resultant white 
gel was incubated at 20°C for 16 h. 


2.3.2. Pyridine evaporation 

Amphiphile (0.1 mg) was dissolved in pyridine 
so that the concentration was 1.0 mM. Water was 
added in ~10 wl increments until the solution 
became cloudy. The samples were incubated at 
20°C so that solvent evaporated and a precipitate 
formed (typically 24—48 h). 








2.3.3. Freeze-thaw 

This procedure follows the method of Kulkarni 
et al. (1995): Amphiphile (0.1 mg) was suspended 
in | ml of aqueous buffer (10 mM KH,PO,, 100 
mM NaCl, 1.5 mM NaN,, pH = 6.6). The suspen- 
sion was thrice incubated for 3 min at 90°C, 
vortexed for 20 s at room temperature and then 
sonicated (Laboratory Supplies and Company, 
Hicksville, NY, output 80 KC) for 20 s at room 
temperature. Next, the suspension was placed in 
i-PrOH/dry ice for 2 min, thawed rapidly ( ~ 20 s) 
and then vortexed 20 s. The freeze-thaw proce- 
dure was repeated three times except that after the 
last freeze the sample was allowed to warm to 
room temperature over 1.5 h. 


2.3.4. Thermal cycling 

This procedure follows the method of 
Archibald and Yager (1992): amphiphile was 
placed in ethylene glycol:water (either 19:1) to a 
final concentration of 1 mg/ml. The suspension 
was thrice incubated for 10 min at 99°C and 
sonicated at 50°C (12 x 30 s pulses with 30 s 
pauses). After the final sonication, the suspension 
was allowed to cool from 99°C to room tempera- 
ture over 2.5 h. 


2.4. Mixed lipid studies 


2.4.1. NAcPro-24:1-Cer: 24:1-GalCer 

Particles from the mixtures of NAcPro-24:1-Cer 
and 24:1-GalCer (1:1, 1:3, 1:5, 1:7 mol:mol) were 
prepared as in Section 2.3.1 and incubated for 24 
h at 20°C. In order to determine the ratio of the 
lipids incorporated in the HARMs, samples were 
pelleted (2500 g for 30 min) and a known percent- 
age of the supernatants removed. Supernatants 
and pellets were dried in vacuo and the residues 
weighed (mass corrections were made for the por- 
tion of supernatant that remained with the pellet). 


2.4.1.1. Qualitative assessment of incorporation. 
Supernatant and pellet material (from Section 2.4.1) 
was heavily spotted on silica TLC plates (4 cm 
length) and developed in EtOAc. The plates were 
stained with phosphomolybdic acid reagent (Ald- 
rich, Milwaukee, WI) and then heated (NAcPro- 
24:1-Cer R,-= 0.31 and 24:1-GalCer R, = 0.0). 
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Fig. 3. The subfractions of Galactocerebroside. 


2.4.1.2. A quantitative assessment of incorpora- 
tion. The dried and weighed 1:3 doped superna- 
tant and pellet (Section 2.4.1) were dissolved in 
CD,OD and the amphiphile ratio was deter- 
mined by comparison of the integrands of the 
NAcPro-24:1-Cer «H (0 4.5) and vinyl NMR 
signals. 


2.4.2. NAcPro-24:1-Cer : 24:1-Cer 

The procedure was identical to the NAcPro- 
24:1-Cer: nervonoyl-GalCer mixed lipid study 
(Section 2.4.1). Compositional NMR analysis of 
the amphiphile ratio was effected by comparison 
of the integrands of NAcPro-24:l-Cer «H (0 
4.5) and C-4 vinyl (6 5.4) in CD,OD. 


2.4.3. NAcPro-24:1-Cer : NFA-GalCer 
Performed as per NAcPro-24:l-Cer: _ ner- 
vonoyl-GalCer mixing studies (Section 2.4.1). 


3. Results and discussion 
3.1. HF A-GalCer and NFA-GalCer 


GalCer can be divided into two major sub- 
fractions, that containing non-hydroxy fatty 
acids (NFA-GalCer) and that containing more 
polar «-hydroxy fatty acids (HFA-GalCer) (Fig. 
3). The ability of GalCer to self-organize has 
been previously investigated using pyridine evap- 
oration, thermal and freeze-thaw cycling tech- 
niques to form microstructures. Archibald and 
Yager found that submission of HFA-GalCer to 
pyridine evaporation or thermal cycling resulted 








in the formation of cochleate cylinders of dimen- 
sions 5—30 x 100—300 nm, whereas NFA-GalCer 


formed tubules and helical ribbons _ using 
pyridine evaporation or _ thermal cycling 
(Archibald and Yager, 1992). Brown and 


coworkers, using a freeze-thaw method, found 
that NFA-GalCer formed tubules and multil- 
amellar liposomes (Kulkarni et al., 1995). All of 
these observations were confirmed in the present 
study. 

In the present study, we developed a DMF/ 
H,O precipitation method for the exploration of 
HARM formation. Application of this technique 
to NFA-GalCer yields cylindrical structures (Fig. 
4a). Submission of HFA-GalCer to aggregate 
formation using DMF/H,O provides cylindrical 
structures with some helical ribbon content (Fig. 
4b). This is in stark contrast to the cochleate 
cylinders produced by thermal cycling of the 
same amphiphile (Fig. 4c). Depending on the 
formation methodology the HFA-GalCer 
HARMs have different dimensions (Table 1). 
This implies that the formation methodology/ 
solvent can affect HARM morphology. 

The differences in tubule diameter and length 
may be influenced by solvent, electrolytes, lipid 
concentration and variations in composition of 
NFA-GalCer and HFA-GalCer. The freeze-thaw 
method uses 100 mM NaCl whereas the DMF/ 
H,O method is carried out in the absence of salt. 
An early tubule formation theory argues that a 
tilted phase of chiral molecules must be electro- 
statically polarized which, in turn, can cause a 
membrane strip to collapse upon itself and form a 
cylinder (de Gennes, 1987). In this theory salts 
should increase the tubule radius because electro- 
static interactions would be shielded. Along this 
line, Archibald noted that the dimensions of 
HFA-GalCer cochleate cylinders formed by ther- 
mal cycling were larger when formed in the pres- 
ence of salt (Archibald and Yager, 1992). 
Furthermore, in the better studied HARMs com- 
posed of phosphatidylcholine with butadiyne con- 
taining hydrocarbon chains, the tubule outer 
diameter increased as the salt concentration was 
increased in the formation medium, but this is 
possibly the result of more bilayers in the tubule 
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Effect of formation methodology/solvent on HARM morphology 
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Amphiphile 





la CO 





Method? 


Structure 





Size (nm)* 





Reference 








NFA-GalCer 


HFA-GalCer 


24:1-GalCer 


22:1-GalCer 
20:1-GalCer 
18:1-GalCer 


24:0-GalCer 
18:0-GalCer 
16:0-GalCer 


Psychosine 


Sphingosine 


Ceramide 


24:1-Cer 


18:1-Cer 
18:0-Cer 
16:0-Cer 
6:0-Cer 
2:0-Cer 
24:1-Amine 


NAcPro-24: 1-Cer 


NAcGly-24:1-Cer 


69.5 


70.5 


66. 1 
59.3 


45.4 
84.1 


81.1 


40.1 


42.3 


71.8 
48.3 


51.2 
49.3 
36.5 


42.0 





Pyridine 
Thermal 
Freeze 
Freeze 
DMF(35) 


Pyridine 
Thermal 
DMF(35) 


Freeze 
DMF(12) 


Freeze 
Freeze 
Freeze 


DMF(35) 
Freeze 


DMF(35) 


HO 
DMF(35) 


Thermal 
DMF(105) 


MeOH(12) 
DMF(150) 


Thermal 


Thermal 
Pyridine 
DMF(3) 


DMF(70) 
DMF(35) 
DMF(35) 
DMF(70) 
DMF(30) 
DMF(20) 


Pyridine 
Thermal 


Freeze 
DMF(16) 


DMF(30) 


Tube/ribbon 
Tube/ribbon 
Tube/liposome 
Cochleate 
Tube 


Cochleate 
Cochleate 
Tube/ribbon 


Tube 
Tube 


Tube 

Ribbon 
Liposome/sheet/ 
multilamellar tubes 
Tube 

Ribbon 


Ribbon 


Tube 
Ribbon 


Amorphous 
Fiber 


Cochleate 
Amorphous 


Amorphous 


Amorphous 
Amorphous 
Tube 


Tube 
Ribbon 
Ribbon 
Tube 
Amorphous 
Amorphous 


Amorphous 
Amorphous 
Amorphous 
Amorphous 


Tube 


85 x >10 000 

85 x >10 000 
40-100 x 500-5000 
100—150 x > 1000 
25-50 


5—30 x 10 000—30 000 
5—30 x 10 000—30 000 
40-100 x 2000—7000 


25-30 x 250-400 
20 x 600 


25-35 
40-50 


30—60 
100—250 x 2000-10 000 


8—16 x 1250 


100 
24 


50 x 13 000 
50 


55-140 x 40 000 


19-24 
8-11 

11-25 
50—75 


110-200 





Archibald and Yager (1992) 
Archibald and Yager (1992) 
Kulkarni et al. (1995) 

Kulkarni and Brown (1996) 


Archibald and Yager (1992) 
Archibald and Yager (1992) 


Kulkarni et al. (1995) 


Kulkarni and Brown (1996) 
Kulkarni and Brown (1996) 
Kulkarni and Brown (1996) 


Kulkarni et al. (1995) 


Curatolo and Neuringer (1986) 


Archibald and Yager (1992) 


Archibald and Mann (1993) 


Archibald and Yager (1992) 





* T,, measurements refer to the major transition. 


> Pyridine refers to pyridine evaporation method. Thermal and freeze refer to thermal and freeze-thaw cycling methodologies, 
respectively. DMF refers to DMF/H,O precipitation. MeOH refers to MeOH/H,O precipitation. H,O refers to suspension of 


lyophilized powder in water. The number in parenthesis refers to the volume percentage of water added. 


“If no second measurement is provided then the length was indeterminate. 
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Fig. 4. Negatively stained TEM images of: (a) NFA-GalCer HARMs formed by DMF/H,0 precipitation; (b) HFA-GalCer HARMs 
formed by DMF/H,0 precipitation shows some helical ribbon content in addition to cylindrical structures; (c) HFA-GalCer formed 


by thermal cycling. 


(Chappell and Yager, 1991). In the present 
study, it was found that precipitation of NFA- 
GalCer from DMF by addition of saturated sa- 
line solutions (LiBr, LiCl, NaCl, MgCl,) rather 
than pure water still forms cylindrical structures; 
however, the tubules are irregularly shaped but, 
on average, the dimensions remain unchanged 
(not shown). 

The lipid concentration should not perturb 
tubule formation as long as the lipid concentra- 
tion is above the critical micelle concentration 
(CMC). In all cases, cerebroside concentration 
was above 12.3 uM. Although not measured, 
cerebroside CMC values should be vanishingly 
low (less than nanomolar) due to high, long- 
chain fatty acid content, thus transfer of lipid to 
crystalline HARMs from other fluid lipid struc- 
tures, at room temperature, should be pro- 
hibitively slow. On the other hand, lipid 
concentration may affect tubule wall thickness 
(Spector et al., 1996). As shown in studies in- 
volving solvent precipitation of phosphatidyl- 
choline containing butadiyne hydrocarbon 
chains, more concentrated lipid solutions formed 


wider tubules due to multiple bilayer wrappings. 
Contrary to this, 24:1-GalCer tubules prepared 
by DMF/H,O precipitation are narrower than 
Brown’s freeze-thaw tubules (described later) de- 
spite being formed from a more concentrated 
solution (Kulkarni et al., 1995). Lastly, natural 
variations in HFA- and NFA-GalCer fatty acid 


composition and _ unsaturation affect 


HARM formation and dimensions. 


may 


3.2. Pure galactocerebrosides 


To better understand the structural require- 
ments of cerebrosides to form HARMs, single 
molecular specifies of GalCer-based amphiphiles 
were studied. Using DMF/H,O precipitation, 
pure 24:1-GalCer forms cylindrical nanostruc- 
tures of dimensions 20 x 600 nm as evidenced 
by negative stained TEM (Fig. 5a, Table 1). Us- 
ing freeze-thaw cycling, Brown found that 24:1- 
GalCer formed tubules, but these are shorter 
and wider than those formed by the DMF/H,O 
method (Table 1) (Kulkarni et al., 1995). 
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Replacement of the mono-unsaturated, 24-car- 
bon fatty acid chain with the shorter mono-unsat- 
urated oleoyl chain (18:l-GalCer) results in an 
amphiphile that also forms cylindrical structures 
using DMF/H,0O precipitation (Fig. 5b, Table 1). 
In contrast, Brown found that 18:1-GalCer 
formed multilamellar cylindrical bilayers, sheets, 
and liposomes when prepared by freeze-thaw cy- 
cling (Kulkarni and Brown, 1996). Brown also 
studied 22:1-GalCer which formed cylindrical mi- 
crostructures whereas 20:1-GalCer formed helical 
ribbons (Kulkarni and Brown, 1996). 

The cerebroside lignoceroyl-GalCer (24:0-Gal- 
Cer), which possesses the long saturated 24:0 
chain formed a mixture of ribbons and liposomes 
using freeze-thaw cycling (Kulkarni et al., 1995). 
In the present study we found that stearoyl-Gal- 
Cer (18:0-GalCer) and palmitoyl-GalCer (16:0- 
GalCer) also form twisted ribbons using the 
DMF/H,O method (Fig. 5c—d, Table 1). In con- 
trast, Curatolo reported that lyophilized 16:0-Gal- 
Cer formed 100 nm diameter multilamellar 
tubules when suspended in water (Curatolo and 





Fig. 5. Negatively stained, DMF/H,O precipitated TEM im- 
ages of: (a) 24:1-GalCer: (b) 18:1-GalCer: (c) 18:0-GalCer: (d) 
16:0-GalCer. The unsaturated sphingolipids form cylindrical 
structures whereas the saturated lipids form ribbons. 












Neuringer, 1986). In general, the widths of DMF/ 
H,O precipitated ribbons are narrower than 
Brown’s freeze-thawed 24:0-GalCer ribbons. The 
lengths were also many microns but intertwining 
of the fibers made this difficult to accurately 
determine. 

The unsaturated fatty acyl containing GalCer, 
24:1-GalCer and 18:1-GalCer, as well as NFA- 
GalCer and HFA-GalCer HARMs are suspected 
to be hollow based on negative stained TEM. A 
negatively stained TEM of a lipid HARM should 
appear uniformly dark if the object is solid 
whereas two parallel white lines would be preva- 
lent against a dark background if the object is 
hollow. Brown’s freeze-fracture electron mi- 
croscopy on freeze-thaw prepared 24:1-GalCer 
which is of similar size to that of DMF/H,O 
precipitated 24:1-GalCer was unable to unam- 
biguously determine if the tubules were hollow or 
filled. The observation that some HFA-GalCer 
tubules terminate in a helical ribbon (upper left of 
Fig. 4b) supports the idea that these structures 
may be hollow. 

Collectively, these results suggest that a mono- 
unsaturated fatty acyl chain GalCer is required 
for cylindrical tubule formation. Furthermore, the 
unsaturation requirement is not alleviated by 
shortening the acyl chain. Perhaps the cis double 
bond kink in 24:1-GalCer and 18:1-GalCer fatty 
acids relaxes the rigidity of the system allowing 
tubule formation as opposed to ribbons (reduces 
curvature frustration). 


3.3. Pure ceramides 


Despite earlier reports that ceramide containing 
a mixture of fatty acid chains was unable to form 
HARMs by thermal cycling, (Archibald and 
Yager, 1992) we are able to show that pure single 
molecular species of ceramide form HARMs us- 
ing DMEF/H,O precipitation. Nervonoyl-Cer 
(24:1-Cer) forms cylindrical HARMs when viewed 
by TEM (Fig. 6a, Table 1). The density appears 
uniform across the diameter of the fibers suggest- 
ing that solid or cochleate cylinders are being 
formed. This is in contrast to the cylindrical 
nanostructures formed from 24:1-GalCer pre- 
pared under identical conditions (compare Fig. 5a 





A.S. Goldstein et al. / Chemistry and Physics of Lipids 88 (1997) 21—36 


Fig. 6. TEM images of DMF/H,O precipitated: (a) unstained 24:1-Cer; (b) negatively stained 18:1-Cer; (c) negatively stained 
18:0-Cer; (d) negatively stained 16:0-Cer; (e) unstained 6:0-Cer. 


and Fig. 6a). Similar dense HARMs are formed 
from pure oleoyl-Cer (18:1-Cer, Fig. 6b, Table 1). 
On the other hand, long saturated fatty acid 
chain-containing ceramides, stearoyl-Cer (18:0- 
Cer) and palmitoyl-Cer (16:0-Cer) form twisted 
ribbons (Fig. 6(c and d), Table 1). The short chain 
hexanoyl-Cer (6:0-Cer) forms cylindrical struc- 
tures (Fig. 6e, Table 1), and acetyl-Cer (2:0-Cer) 
did not form any discernible HARMs (not 
shown). 

These results imply that the hydrophilic galac- 
tose headgroup is not required for HARM forma- 
tion, although the presence of the carbohydrate 
influences HARM morphology. Furthermore, the 
ceramide study supports the notion that the pres- 
ence of saturated fatty acid chains favors twisted 
ribbons whereas the presence of mono-unsatu- 
rated chains favors cylindrical HARMs (except 
for 6:0-Cer). In the case of 6:0-Cer, the fatty acid 
side chain is much shorter than the sphingosine 


hydrocarbon chain. This high degree of chain 
mismatch may cause the headgroup to have a 
larger tilt relative to the hydrophobic alkyl region 
which may cause a significant packing perturba- 
tion. 


3.4. Amide importance 


The importance of an amide versus a secondary 
amine in the ceramide structure for HARM for- 
mation was studied by preparing the secondary 
amine formed by hydride reduction of the amide 
in 24:1-Cer (24:1-Amine). DMF/H,O precipita- 
tion of 24:l-amine produced amorphous struc- 
tures with no discernible HARMs (not shown). 
Amphiphiles that lack the fatty acid chain were 
also studied. Archibald and Mann reported that 
sphingosine formed cochleate cylinders by precipi- 
tation from water by addition of methanol 
(Archibald and Mann, 1993). In the present 
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study, DMF/H,O precipitation of sphingosine 
fails to form any HARMs. On the other hand, 
psychosine (GalCer lacking the fatty acid chain) 
forms long thin HARMs when submitted to 
DMF/H,O treatment (Fig. 7, Table 1). In con- 
trast, thermal cycling of aqueous dispersions of 
psychosine did not lead to HARMs (Archibald 
and Yager, 1992). Collectively, these results sug- 
gest that two-chain sphingolipids require the pres- 
ence of an amide carbonyl to form HARMs; 
however, a single-chain sphingolipid does not re- 
quire the carbonyl for HARM formation. 


3.5. Amino acid headgroups 


One of the long term goals of these studies is to 
fabricate HARMs composed of lipidated drugs, 
such as lipidated peptides, for novel drug delivery 
strategies. In this context, we examined cere- 
broside-based amphiphiles that contain amino 
acids in place of the polar galactose headgroup. 
Modeling studies using proline in place of galac- 
tose suggested that microstructure formation 
would not be perturbed. Proline, like galactose, is 
cyclic, has hydrogen bond donors/acceptors and is 
of comparable size. Surprisingly, NAcPro-24:1- 
Cer did not form any discrete HARMs using 


7 300 nm 


cecum 
Sle re 





Fig. 7. TEM image of unstained, DMF/H,O precipitated 
psychosine. 















Fig. 8. TEM image of negatively stained, DMF/H,O precipi- 
tated NAcGly-24:1-Cer. 


DMEF/H.O precipitation, thermal or freeze-thaw 
cycling, or pyridine evaporation (not shown). 
NAcGly-24:1-Cer, containing a smaller head 
group, forms long thin fibers (Fig. 8). Clearly the 
structure of the head group greatly influences 
HARM morphology. 


3.6. Mixed lipid systems 


Despite the inability of NAcPro-24:1-Cer to 
independently form discrete structures, we tried 
doping NAcPro-24:1-Cer into HARMs formed 
from 24:1-Cer, 24:1-GalCer, or NFA-GalCer (ma- 
trix). An intimate mixture of NAcPro-24:1-Cer 
with the HARM-forming amphiphile was first 
made using DMF. Water was then added to cause 
precipitation (Section 2). TEM images of the 
structures are similar to those obtained from 
DMEF/H,O precipitation of the pure matrix am- 
phiphiles. The HARMs were isolated and submit- 
ted to compositional analysis by NMR (Section 
2). NAcPro-24:1-Cer could be doped into either 
24:1-GalCer or NFA-GalCer HARMs up to 25 
mole% without affecting tubule formation. On 
average, the tubules were very long (micrometers) 
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40 nm 


Fig. 9. TEM images of negatively stained, DMF/H,O precipitated: (a) 1:3 NAcPro-24:1-Cer : 24:1-GalCer mixed lipid system: (b) 


1:3 NAcPro-24:1-Cer : NFA-GalCer mixed lipid system. 


with diameters of 13-20 nm (Fig. 9, Table 1). 
Increasing the NAcPro-24:1-Cer component be- 
yond 25% resulted in the formation of vesicles 
in addition to tubules (not shown). 

NMR analysis of the tubules formed from the 
1:3 NAcPro-24:1-Cer : 24:1-GalCer or 1:3 
NAcPro-24:1-Cer NFA-GalCer mixed lipid 
systems retain the original solution composition. 
In the former case, differential scanning 
calorimetery was employed to determine if the 
lipids were ideally mixed (Fig. 10). Intimately 
mixed binary systems should show a single 
exothermic peak between the 7,,, of either pure 





component alone. As evident, the doped systems 
exhibit two transitions near the 7,, of pure 
lipids implying non-ideal mixing. The presence 
of small transitions before and after the main 
NFA-GalCer transition (52 and 75°C) may be 
due to the presence of previously reported 
metastable states (Maggio et al., 1985a,b; Haas 
and Shipley, 1995; Curatolo, 1982). In pure 
NFA-GalCer, these metastable states are related 
to the hydration state of the sphingolipid. Fur- 
thermore, the magnitude and onset temperature 
of these transitions are dependent on heating 
and cooling rates. 
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Since differential scanning calorimetry indi- 
cated non-ideal mixing, a second set of experi- 
ments with NAcPro-24:1-Cer and NFA-GalCer 
was carried out to help determine the spatial 
relationship of the two lipids. Three mixing possi- 
bilities are: (1) both lipids coexist in the HARM 
as an intimate mixture; (2) both lipids coexist in 
the HARM but one lipid coats the other lipid’s 
microstructure as it precipitates from solution; or 
(3) both lipids independently precipitate from so- 
lution. NFA-GalCer and NAcPro-24:1-Cer mi- 
crostructures were independently formed by 
DMF/H,O precipitation (Fig. 11). The cere- 
broside, when visualized by optical microscopy, 
appear as thread-like structures with occasional 
‘crystalline’ patches whereas NAcPro-24 : 1-Cer 
forms only spherical aggregates. The indepen- 
dently precipitated species were then combined so 
that their concentration was identical to that of 
the 1:3 NAcPro-24:1-Cer : NFA-GalCer mixed 
lipid system. Optical micrographs of the pre- 
formed then mixed lipids show a mixture of 
threads with spherical aggregates, whereas inti- 
mately mixed, then precipitated lipids, show only 
threads. Thus possibility (3) is eliminated. 
Solubility arguments may be able to distinguish 
between coating and coprecipitation. A more hy- 
drophobic lipid should precipitate first upon wa- 
ter addition to an organic solution of mixed 
lipids. Although not measured, NAcPro-24:1-Cer 
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Fig. 10. Differential scanning calorimetery heating curves of 
NAcPro-24:1-Cer : NFA-GalCer mixed lipid systems showing 
that the lipids are not ideally mixed. 






































Fig. 11. Optical micrographs of DMF/H,O precipitated: (a) 
NAcPro-24:1-Cer; (b) NFA-GalCer; (c) NAcPro-24:1-Cer: 
NFA-GalCer aggregates independently formed then mixed; (d) 
NAcPro-24:1-Cer : NFA-GalCer mixed and then precipitated. 


should be more hydrophobic than NFA-GalCer; 
therefore, the amino acylated lipid should fall out 
of solution and form circular aggregates which 
would then be coated by NFA-GalCer. However, 
this is clearly not the case since only thread-like 
HARMs were seen in the mixed lipid precipita- 
tion. 

In contrast, HARMs formed from NAcPro- 
24:1-Cer mixed into 24:1-Cer exclude the amino 
acid-containing amphiphile as revealed by NMR 
analysis and thin layer chromatography. Further- 
more, optical microscopy showed that mixtures 
containing NAcPro-24:1-Cer in excess of 17 
mole% also contained liposomes in addition to 
HARMs (not shown). Although it is known that 
sphingolipids can partition into fluid membranes 
to some degree, the precipitated HARMs are crys- 
talline (Merrill et al., 1991; Maggio et al., 
1985a,b). Furthermore, exclusion from the nanos- 
tructures during precipitation may be caused by 
significant differences in the amphiphile’s aqueous 
solubility. 








4. Conclusion 


The demonstrated fact that ceramides with 
amino acid headgroups can independently or as a 
component of a binary mixture form HARMs is 
encouraging from the drug delivery point of view. 
It may be possible to attach peptides of therapeu- 
tic interest to the ceramide and still form 
HARMs. Due to tight crystal packing, such ag- 
gregates may be protected from proteolysis and 
provide a means for constant drug release via 
dissolution only from the ends of the HARMs. In 
addition, such microstructures are unlikely to be 
rapidly cleared from the body due to their 
lipophilicity, and thus may be immobilized at the 
desired site of action. This potentially long in vivo 
lifetime may make such a delivery system an ideal 
way to induce a strong immune response, and this 
may be useful for vaccine development. In mixed 
lipid systems, the inexpensive mixed NFA-GalCer 
may be used in place of the more costly single 
molecular galactocerebroside species. A final ad- 
vantage of using such a natural tubule-forming 
lipid is that the human body already has enzymes 
that can metabolize the drug-stripped lipid core. 
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Abstract 







The fusion characteristics of large unilamellar liposomes composed of bipolar tetraether lipids extracted from the 
thermophilic archaeon Sulfolobus acidocaldarius, was investigated. These lipids span the entire membrane and form 
single monolayer liposomes in aqueous media [Elferink, M.G.L., de Wit, J.G., Demel, R., Driessen, A.J.M. and 
Konings, W.N., (1992) J. Biol. Chem. 267, 1375—1381]. In the presence of calcium-phosphate, slow mixing of the 
aqueous liposome contents and membrane lipids occurred, demonstrating that these liposomes are fusion-competent. 
The fusion process was essentially nonleaky. The rate of fusion increased with the pH and the concentration of 
calcium and phosphate. Fusion resulted in an increase of the size of the liposomes. These data demonstrate that a 
monolayer organization of lipids in a membrane does not per se interfere with membrane fusion competence. © 1997 
Elsevier Science Ireland Ltd. 
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1. Introduction 


Membrane fusion is a critical event in a variety 

of cell-biological processes. Since the primary 

* Corresponding author. Tel.: +31 5 3632164; Fax: +31 5 function of membranes is to maintain the integrity 
3632154; e-mail: A.J.M.DRIESSEN@BIOL.RUG.NL of cells within their environment and the organi- 
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zation of subcellular compartments inside the cell, 
membrane fusion must be strictly controlled in 
space and time. Recent investigations of intracel- 
lular membrane trafficking and virus—cell interac- 
tions have revealed many aspects of the molecular 
mechanisms involved in the control of biological 
membrane fusion reactions (White, 1992). Yet, 
little is known about the physical reorganization 
of lipids occurring during the process of mem- 
brane merging per se. 

Early work by Palade (Palade, 1975) revealed 
pentalaminar structures and trilaminar di- 
aphragms at the contact sites of interacting mem- 
branes, suggestive of the involvement of a 
hemifusion intermediate in the process of mem- 
brane merging. In later morphological studies of 
fusing membranes, relying on modern rapid- 
freezing techniques, such hemifusion structures 
were not seen, the earlier observations on trilami- 
nar diaphragms being attributed to fixation arte- 
facts (Chandler and Heuser, 1980). Yet, recent 
investigation of influenza virus has provided con- 
vincing evidence to indicate that membrane fusion 
of this virus may well proceed via a hemifusion 
intermediate (Kemble et al., 1994; Melikyan et al., 
1995), although, rather than expanding into a 
extensive area of contact, the hemifusion interme- 
diate would rapidly develop into a localized fu- 
sion pore (Palade, 1975; Tse et al., 1993). The 
notion of a fusion mechanism involving a distinct 
hemifusion stage with formation of a subsequent 
pore (‘stalk-pore’ mechanism) is further supported 
by recent theoretical and experimental work of 
Chernomordik and coworkers (Chernomordik et 
al., 1995). 

Formation of a hemifusion intermediate re- 
quires a temporal separation of the leaflets of the 
interacting membranes. In this perspective, we 
considered it of interest to investigate the fusion 
competence of lipid vesicles composed of mem- 
brane-spanning lipids. Membranes of the ther- 
moacidophile Sulfolobus acidocaldarius contain 
99.9% tetraether lipids, which are comprised of a 
mixture of diglyceroltetraethers and nonitolglyc- 
eroltetraethers (Langworthy and Pond, 1986). In 
such systems, where the vesicular membranes, in 
fact, consist of a monolayer of bipolar lipids, 
separation of two bilayer leaflets is not possible. 


Here, we demonstrate that, nevertheless, such 
vesicles are capable of undergoing nonleaky fu- 
sion, be it that this fusion reaction can only be 
induced under extreme conditions and proceeds at 
a relatively slow rate. 


2. Materials and methods 
2.1. Materials 


Pyridine-2,6-dicarboxylic acid (DPA) was ob- 
tained from Sigma (St. Louis, MO), and TbCl, 
was from Aldrich (Bornem, Belgium). N-(7-nitro- 
2,1,3-benzoxadiazol-4-yl)-dipalmitoyl-L-«-pho- 
sphatidylethanolamine (N-NBD-PE) was ob- 
tained from Molecular Probes (Eugene, OR), and 
N-(lissamine rhodamine B sulfonyl) diacyl-phos- 
phatidylethanolamine (N-Rh-PE) was_ from 
Avanti Polar Lipids (Alabaster, AL). Tetraether 
lipids were isolated from freeze-dried cells of S. 
acidocaldarius (DSM 639) as described (Elferink 
et al., 1993), and stored in chloroform/methanol/ 
water (65:25:4, v/v/v) at 4°C. 


2.2. Liposomes 


Lipids were dried by rotary evaporation and 
suspended at a concentration of 10 mg/ml in an 
appropriate buffer system. Lipids were dispersed 
by sonication using a probe-type sonicator (inter- 
vals of 15 s sonication and 45 s rest) at 0°C, and 
stored in liquid nitrogen. Before use, samples were 
slowly thawed at room temperature and extruded 
through Unipore polycarbonate filters (Avestin, 
Ottawa, Canada), with a pore size of 200 nm, 
using a small-volume extrusion apparatus (Lipo- 
sofast™ Basic, Avestin) (MacDonald et al., 1991). 


2.3. Fusion assays 


Lipid mixing was measured with the resonance 
energy transfer (RET) fusion assay as described 
(Struck et al., 1981). Liposomes were formed with 
and without 0.6 mole% each of N-NBD-PE and 
N-Rh-PE, and suspended at 10 mg/ml in buffer A 
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(100 mM NaCl, 1 mM EDTA, 10 mM Na-Hepes, 
pH 7.4).The lipid concentration of the liposome 
preparations was determined by phosphate analy- 
sis using Malachite Green (Driessen et al., 1991), 
after destruction of the liposomes with 70% 
HCI1O,. Labelled and nonlabelled liposomes were 
mixed at a one-to-one ratio, and diluted to a final 
lipid concentration of 50 uM (lipid phosphorous) 
in buffer A. Fluorescence measurements were per- 
formed at 25°C using a Perkin Elmer LS-50B 
spectrophotofluorimeter using an excitation and 
emission wavelength of 465 and 535 nm, respec- 
tively. A 520 nm cutoff filter was used in the 
emission path to eliminate light scattering. Ca? * 
was added to sample and, after 2 min, fusion was 
initiated by the addition of phosphate to the 
indicated concentrations. The maximal extent of 
fusion was determined by subjecting an undiluted 
one-to-one mixture of labelled and unlabelled 
liposomes to two cycles of freezing and thawing. 
This treatment proved to be sufficient for obtain- 
ing complete lipid mixing, and further cycles had 
little effect on the fluorescence level. Fused lipo- 
somes were diluted to 50 uM, and the fluores- 
cence level of this suspension was set to 100%. 
Mixing of aqueous contents of the liposomes 
was determined with the Tb/DPA fusion assay 
(Wilschut and Papahadjopoulos, 1979; Wilschut 
et al., 1980). Liposomes were prepared, as de- 
scribed above, at a concentration of 10 mg lipid/ 
ml in buffer B (S mM TbCl,, 50 mM Na-citrate, 
10 mM Na-Hepes, pH 7.4), buffer C (50 mM 
DPA, 20 mM NaCl, 10 mM Na-Hepes pH 7.4), 
or buffer D (2.5 mM TbCl,, 25 mM Na-citrate, 25 
mM DPA, 10 mM NaCl, 10 mM Na-Hepes, pH 
7.4), and are referred to as “Tb-loaded’, ‘DPA- 
loaded’ and “‘Tb/DPA-loaded’ liposomes, respec- 
tively. After extrusion, the nonencapsulated 
material was removed by gel filtration of the 
liposomes on Sephadex G-25M columns PD-10 
(Pharmacia, Uppsala, Sweden) in buffer A. Tb- 
and DPA-loaded liposomes were mixed at a one- 
to-one ratio in buffer A at a final lipid concentra- 
tion of 50 w~M. The formation of the Tb/DPA 
complex was measured with an SLM-4000 spec- 
trophotofluorimeter using excitation and emission 
wavelengths of 276 and 545 nm, respectively. A 
530 nm cutoff filter was placed in the emission 
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path to eliminate possible contributions of light 
scattering to the signal. Our instrument has a ‘T’ 
format design which allows the simultaneous reg- 
istration of fluorescence and 90° light scattering. 
Light scattering was measured in the second emis- 
sion channel at 430 nm wavelength. The tempera- 
ture of the sample holder was maintained at 25°C, 
and the solution in the cuvette was continuously 
stirred. Fusion was induced as described for the 
RET assay. Tb/DPA-loaded liposomes were used 
to calibrate the signal to 100% fusion, and to 
determine liposome leakage under the conditions 
of the fusion experiment. 


2.4. Electron microscopy 


Cryo transmission electron microscopy was per- 
formed using a Philips CM 10 electron micro- 
scope with a liquid nitrogen-cooled gatan cryo 
device. Sample preparation involved liquid 
propane fast cooling. 


3. Results and discussion 


Mixing of membrane lipids was measured with 
the resonance energy transfer (RET) assay. To 
ensure that the RET probes mix appropiately 
with the tetraether lipids a calibration curve was 
constructed in which the percentage of N-NBD- 
PE fluorescence was plotted as a function of the 
mol% N-NBD-PE and N-Rh-PE. N-NBD-PE 
fluorescence in the absence of N-Rh-PE was set at 
100%. The straight line observed at the lower 
probe concentrations indicated that distribution 
of the probes was random. For the fusion experi- 
ments liposomes were prepared of tetraether lipids 
and 0.6 mol % of N-NBD-PE and N-Rh-PE. 
Labelled liposomes were mixed with an equal 
quantity of non-labelled liposomes. Upon fusion, 
the fluorophores dilute into the plane of the non- 
labelled liposomes resulting in a decrease in en- 
ergy transfer efficiency. This can either be 
measured as an increase in the fluorescence of the 
energy donor NBD, or a decrease of the fluores- 
cence of the acceptor rhodamine. We monitored 
the change in the NBD fluorescence intensity. In 
the presence of calcium and phosphate, a slow 
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increase in the NBD fluorescence was evident 
(Fig. 1). This suggests that calcium/phosphate 
induces fusion and intermixing of membrane 
lipids among the liposomes composed of te- 
traether lipids. This process is, however, slow as 
compared to calcium/phosphate-induced fusion of 
liposomes composed of acidic phospholipids. Un- 
der the conditions employed, it appeared that the 
fusion reaction was not completed after 110 min. 

To ensure that mixing of lipids, as detected with 
the RET assay, was the result of a bona fide 
membrane fusion process and not due to just 
probe transfer, fusion was also measured with the 
Tb/DPA assay. This method monitors the mixing 
of aqueous liposomal contents. For this purpose, 
one population of liposomes was loaded with 
terbium and the other population was loaded with 
DPA. Fusion of the liposomes results in the for- 
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Fig. 1. Mixing of membrane lipids during the calcium-phos- 
phate induced fusion of liposomes composed of tetraether 
lipids. Liposomes labelled and nonlabelled with 0.6 mol % of 
N-NBD-PE and N-Rh-PE were mixed at a one-to-one ratio at 
a lipid concentration of 50 uM in buffer A. Fusion was 
initiated, 2 min after the addition of CaCl, to a final concen- 
tration of 4.5 mM (first arrow), by the addition of potassium 
phosphate to a concentration of 10 mM (second arrow). 





mation of the fluorescent Tb/DPA complex, while 
a low concentration of the chelator EDTA in the 
external medium, even in the presence of an ex- 
cess of calcium, prevents the formation of the 
complex outside the liposomes. In the presence of 
calcium and phosphate, a slow increase in the Tb 
fluorescence occurred, indicative for fusion of the 
liposomes (Fig. 2A, trace a). Fusion proceeded 
during 110 min up to 38%, with kinetics very 
similar to the kinetics observed in the lipid mixing 
experiment (Fig. 1). No signal was observed when 
liposomes were used that were not loaded with Tb 
or DPA (trace 5). 

Importantly, the calcium/phosphate-induced fu- 
sion process was found to be completely non- 
leaky. Leakage of the liposomal contents was 
measured with liposomes pre-loaded with the Tb/ 
DPA complex. Fig. 2B shows that there was 
essentially no leakage of the Tb/DPA complex to 
the external medium during the first 80 min of the 
fusion process. At approximately 110 min, the 
fluorescence level suddenly dropped to lower val- 
ues. This phenomenon was accompanied with a 
large increase in the light scattering properties of 
the sample (Fig. 2C), and has also been observed 
in studies of calcium/phosphate-induced fusion of 
acidic phospholipid vesicles (Fraley et al., 1980). 
It is associated with the conversion of amorphous 
calcium/phosphate (ACP) into octacalciumphos- 
phate (OCP) and subsequently into hydroapatite 
(HAP). During this conversion, a thick precipitate 
appeared in the cuvette that floated on top of the 
surface and sticked to the glass walls. The drop in 
fluorescence level was only to a limited extend 
caused by release of the Tb/DPA complex to the 
medium. It was primarily due to clearance of the 
aggregated liposomes from the light beam, since 
rigorous shaking of the cuvette largely recovered 
the fluorescence signal (Fig. A and B, broken 
line). A similar effect was observed when an ex- 
cess of EDTA (20 mM) was added to the suspen- 
sion to _ dissolve the  calcium/phosphate 
precipitates (not shown). This indicates that dur- 
ing the conversion of ACP via OCP to HAP the 
contents of the fused liposomes is largely retained. 

The calcium/phosphate-induced fusion of the 
tetraether liposomes, as followed by the Tb/DPA 
assay, was further characterized by varying the 
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Fig. 2. Mixing of aqueous contents (A), leakage (B) and light 
scatter (C) during the calcium-phosphate induced fusion of 
liposomes composed of tetraether lipids. A. Tb-loaded lipo- 
somes were mixed at a one-to-one ratio with DPA-loaded 
liposomes at a lipid concentration of 50 «M in buffer A (trace 
a). Fusion was initiated, 2 min after the addition of CaCl, to 
a final concentration of 4.5 mM (arrow 1), by the addition of 
potassium phosphate to a concentration of 10 mM (arrow 2). 
Fusion was followed fluorometrically by monitoring the for- 
mation of the Tb/DPA complex (solid line). The potential 
contribution of light-scattering to the fluorescence signal was 
checked by following the fusion of liposomes that were not 
loaded with Tb and DPA (trace 4). B. Leakage of aqueous 
contents was measured by the use of liposomes loaded with the 
Tb/DPA complex. The loss of the fluorescent signal after 110 
min is largely due to precipitation of the fused liposomes. 
Manual shaking of the cuvette recovered most of the signal 
(broken lines). C. Light-scattering was measured at 430 nm at 
90° incidence of the excitation beam. 


concentration of Ca** and phosphate, and by 
changing the pH of the suspension (Fig. 3). The 
rate at which calcium/phosphate converts from 


ACP to HAP determines in part the kinetics of 
vesicle fusion and leakage in a calcium/phosphate- 
containing medium, and the kinetics of the cal- 
cium/phosphate conversions, in turn, are strongly 
dependent of the relative concentrations of cal- 
cium and phosphate and on the pH. Fusion was 
strictly Ca** dependent (Fig. 3A). In the absence 
of phosphate, very slow fusion of the liposomes 
occurred in the presence of high Ca** concentra- 
tions, i.e. > 20 mM (data not shown). High phos- 
phate concentrations, i.e. >15 mM, favour the 
formation of the hydroxyapatite complex, and 
caused the rapid formation of aggregates and 
leakage. A similar phenomenon was observed 
when the pH was increased to values above pH 
7.4. An increase in the temperature resulted in 
apparent lower fusion rates. For instance, at 
50°C, already 3 min after the addition of phos- 
phate the formation of a thick precipitate was 
evident. This made the liposomes almost com- 
pletely leaky. 

The liposomes fused upon calcium/phosphate 
addition were examined with cryo transmission 
electronmicroscopy. For this purpose, it was nec- 
essary to use a lipid concentration that was at 
least four-fold higher than that used in the 
fluorescence fusion assays. Under these condi- 
tions, also a high concentration of Ca’* is re- 
quired to induce fusion. By following the light 
scatter properties of the liposomal suspension it 
was established that the time course of fusion was 
almost identical to the one shown in Fig. 2, when 
7.5 mM of Ca?* was used instead of 4.5 mM. 
The electron micrographs show that the liposomes 
increased in size when exposed to calcium/phos- 
phate for increasing periods of time (Fig. 4A,B). 
At the later stage of the fusion, extensive aggrega- 
tion of the liposomes was evident (Fig. 4C). 

This study demonstrates that liposomes com- 
posed of bipolar membrane-spanning lipids have 
the ability to undergo membrane fusion, as evi- 
denced by the occurrence of mixing of the lipids 
of the interacting vesicles and nonleaky coales- 
cence of their aqueous volumes. Fusion could 
only be induced by calcium/phosphate and it pro- 
ceeded at a comparatively slow rate. Calcium/ 
phosphate-induced fusion has also been observed 
for anionic phospholipid vesicles, composed of 


























42 M.G.L. Elferink et al. / Chemistry and Physics of Lipids 88 (1997) 37—43 
gb . . 
A B C 
om GF q 4 
£ 
= fF ’ 4 
a. 
& 6f ' ' 
c . . a 
Sites 
Bat 
3 3, 
| oa? ; q * 
ay) 
 »« th q q 
0 e ! 1 1 i 4 i 1! i \ l i 
2 3 4 5 4 6 8 10 12 6.4 6.6 6.8 7.0 7.2 7.4 


Ca** (mM) 


P; (mM) 


pH 


Fig. 3. Ca?* (A), phosphate (B), and pH (C) dependency of fusion of liposomes composed of tetraether lipids. Fusion was measured 
with the Tb/DPA assay, as described in Section 2 and in the legend to Fig. 2. The assay conditions used were: 4.5 mM CaCl,, 10 


mM potassium phosphate, pH of 7.4, unless indicated otherwise. 


phosphatidylserine and cholesterol (Fraley et al., 
1980), and for erythrocyte ghosts (Hoekstra et al., 
1983). In these earlier investigations, like in the 
present study, the rates of fusion and vesicle 
leakage were strongly dependent on the relative 
concentrations of calcium and phosphate, the pH, 
and the temperature, each affecting the rate of 
conversion of the calcium/phosphate complex 
from ACP to HAP. It is not clear how calcium/ 
phosphate mediates membrane fusion. The initial 
complex, formed upon addition of phosphate to 
calcium, presumably establishes close contact be- 
tween the interacting membranes, the subsequent 
conversions in the complex inducing membrane 
merging and ultimate lysis when HAP is formed. 
Irrespective of the precise mechanism, it is inter- 
esting that membranes consisting of bipolar lipids 
fuse at all under these conditions. Freeze-fractur- 
ing experiments show that there is no fracture 
plane to break the membranes into two leaflets, 
rather cross-fracturing of the whole membrane 
was observed (Elferink et al., 1992). This is consis- 


tent with a monolayer organization of the mem- 
brane. Accordingly, it is very unlikely that the 
fusion process in this system involves temporal 
separation of membrane leaflets. This implies that 
membranes can fuse through a mechanism that 
does not involve a distinct hemifusion intermedi- 
ate. Whether or not this is of physiological rele- 
vance remains to be seen. Perhaps the slow rate of 
fusion seen in our present study, as compared to 
the faster fusion of anionic phospholipid vesicles 
(Fraley et al., 1980) or erythrocyte ghosts (Hoek- 
stra et al., 1983) in the presence of calcium/phos- 
phate reflects the large energy barrier involved in 
fusion of membranes composed of bipolar lipids. 
This would argue in favour of fusion of ‘normal’ 
bilayer membranes composed of monopolar lipids 
through a process that does involve transient sep- 
aration of the two bilayer leaflets and the forma- 
tion of a hemifusion intermediate structure. Yet 
we feel it is intriguing, that in principle, mem- 
branes may have access to alternative mechanisms 
of fusion. 
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Fig. 4. Cryo transmission electron microscopical images of 
different stages of the calcium-phosphate induced fusion of 
liposomes composed of tetraether lipids. Liposomes were sus- 
pended in buffer A at a lipid concentration of 200 4M. Fusion 
was induced by the addition of CaCl, and potassium phos- 
phate (pH 7.4) to final concentrations of 7.5 mM and 10 mM, 
respectively. The images represent 0 (A), 60 (B), and 120 (C) 
min time points. Bar represents 0.2 um. 
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Abstract 


Phase diagrams of the hydrated pseudo-binary mixtures dilauroylphosphatidylcholine (DLPC)/lauric acid (LA) and 
dimyristoylphosphatidylcholine (DMPC)/myristic acid (MA) have been constructed using high-sensitivity DSC and 
time-resolved X-ray diffraction. They are of a different type compared to those of the longer chain phosphatidyl- 
choline (PC)/fatty acid (FA) mixtures, the latter being of maximum azeotropic point type. Eutectic points were 
distinguished in the phase diagrams, at 75 mol’ MA and 49°C for the DMPC/MA mixture, and at ca. 67 mol’% LA 
and 29°C for the DLPC/LA mixture. Regions of liquid-liquid and solid—solid phase separation have been located 
according to the shape of the phase diagrams and observed by X-ray diffraction. Limited regions (2—4°C) of 
liquid—liquid phase immiscibility exist at compositions with slightly prevailing fatty acid molar content. For instance, 
at 67 mol% MA, a phase separation between L, phase enriched in DMPC and H,, phase enriched in MA takes place 
in the temperature range 51—55°C. Solid phase immiscibility is detected between 60 and 90 mol% fatty acid. The 
studied PC/FA mixtures form compound subgel polymorphic phases (one in the DMPC/MA mixture, with 
DMPC/MA 1:2 molar stoichiometry, and two in the DLPC/LA mixture, with about 40 and 60 mol% LA, 
respectively) upon low-temperature equilibration. In the liquid crystalline phase region, non-lamellar phases dominate 
the phase diagrams, especially in their fatty acid-rich part. With increasing FA content, the nonlamellar phases 
arrange in the sequence: bicontinuous cubic phases (la3d, Pn3m, Im3m)-— hexagonal phase (H,,;)— micellar cubic 


Abbreviations: PC, phosphatidylcholine; DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine; DMPC, 1,2-dimyristoyl-sn-glycero-3- 
phosphocholine; DPPC, | ,2-dipalmitoyl-sn-glycero-3-phospho-choline; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; LA, lau- 
ric acid; MA, myristic acid; PA, palmitic acid; SA, stearic acid; FA, fatty acid; DSC, differential scanning calorimetry; TRXRD, 
time-resolved X-ray diffraction. 
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phase (Fd3m) — isotropic phase (1). With the eutectic composition (75 mol% MA), only H,, phase is detected above 





the melting transition in the DMPC/MA mixture. At higher FA content (85 mol%), micellar cubic phase of space 
group Fd3m form in the two PC/FA mixtures. At lower FA content (< 75 mol%), at least three cubic phases (Ia3d, 
Pn3m, Im3m) form. The order of their appearance with increasing temperature varies with the PC/FA ratio. They 
exist either as single phases or concurrently to the H,, phase. © 1997 Elsevier Science Ireland Ltd. 


Keywords: Cubic phase; Lipid membrane; Mesophase; Phase diagram; Phase transition; Polymorphism; (DSC, 


TRXRD) 





1. Introduction 


The mesomorphic properties of lipids and lipid 
mixtures in the liquid crystalline phase have long 
been subject of distinct interest in view of their 
relation to the functional phase state of the bio- 
logical membranes. The scientific interest has fur- 
ther increased after emerging the view that 
non-lamellar lipid phases are biologically relevant 
(see. e.g. Seddon, 1990). One such example of 
lipid mixtures displaying non-lamellar morpholo- 
gies are the phosphatidylcholine (PC)/fatty acid 
(FA) mixtures. For this reason, the hydrated PC/ 
FA pseudo-binary mixtures have attracted atten- 
tion in the last decades (Mabrey and Sturtevant, 
1977; Kantor and Prestegard, 1978; Schullery et 
al., 1981; Marsh and Seddon, 1982; Koynova et 
al., 1987, 1988; Rama Krishna and Marsh, 1990; 
Heimburg et al., 1990; Seddon et al., 1990; Erbes 
et al., 1996), especially the 1:2 (mol/mol) prepara- 
tions (Marsh and Seddon, 1982; Rama Krishna 
and Marsh, 1990; Heimburg et al., 1990; Seddon 
et al., 1990; Erbes et al., 1996). 

In the present work, we characterise in greater 
detail the intriguing phase behavior of PC/FA 
mixtures (Koynova et al., 1987, 1988). For the 
hydrated DPPC/PA and DSPC/SA mixtures it 
was previously reported that the PC/FA 1:2 (mol/ 
mol) stoichiometries melt at temperatures higher 
than the transition temperatures of both pure 
components, due to the existence of maximum 
azeotropic points in their phase diagrams at these 
compositions. In the present study, phase dia- 
grams of fully hydrated pseudo-binary mixtures 
DLPC/LA and DMPC/MA have been con- 
structed using high sensitivity DSC. They were 
found to differ from those of the longer chain 


PC/FA mixtures, since at all compositions the 
melting points were in between the transition tem- 
peratures of both pure hydrated components. Eu- 
tectic points were distinguished in both phase 
diagrams of DLPC/LA and DMPC/MA mixtures. 
The phase identification has been carried out by 
means of time-resolved X-ray diffraction. An as- 
sortment of phases has been observed upon 
changing two variables, the temperature and the 
lipid molar ratio: lamellar (liquid crystalline, gel, 
plus several crystalline polymorphs), and non- 
lamellar (inverted hexagonal, isotropic, as well as 
several phases of cubic topology). Regions of 
phase separation in the gel phase exist for the two 
binaries. Also, limited regions of liquid—liquid 
immiscibility have been detected. At high temper- 
atures, variety of non-lamellar phases dominate 
the phase diagrams, especially in their fatty acid- 
rich part. 


2. Materials and methods 
2.1. Sample preparation 


1 ,2-Dilauroyl-sn-glycero-3-phosphocholine 
(DLPC), _1,2-Dimyristoyl-sn-glycero-3-phospho- 
choline (DMPC) (Avanti Polar Lipids, Birming- 
ham, AL), Lauric acid (LA) and Myyristic acid 
(MA) (Fluka AG, Basel, > 99% pure) were used 
without further purification. For the PC/FA mix- 
ture samples, appropriate amounts of lipids were 
mixed as chloroform solutions, the chloroform 
was removed by rotary evaporation under nitro- 
gen and the lipid mixtures were dried under vac- 
uum for at least 24 h. Double distilled deionized 
water was added. With the DMPC/MA mixtures, 
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samples dispersed in 1 M Na,SO, were also pre- 
pared. The dispersions were hydrated overnight 
at 20°C and cycled eight to ten times between 
about 10°C above the chain melting transi- 
tion and an ice bath. The samples were vortex- 
mixed at these temperatures for 1—2 min at 
each cycle. For the samples of pure phos- 
phatidylcholines and fatty acids, the chloroform 
step was omitted and the appropriate amount 
of water was added to the weighed lipid. The 
lipid concentrations were 0.5—1 mg/ml for 
calorimetry and 10 and 25 wt% for TRXRD. 
Unless otherwise indicated, the 10 and 25 wt% 
lipid samples give identical X-ray diffraction 
results. The lipid dispersions for DSC showed 
the same pH values as that of pure water (pH 
5.0). Titration of fatty acid in PC bilayers has 
demonstrated a pXK-value of about 10, therefore 
we expect that the fatty acid in our samples 
is in fully protonated state (Schullery et al., 
1981). For TRXRD measurements, samples 
were filled into glass capillaries (d= 1.0 mm) 
(Hilgenberg, Malsfeld, Germany) and flame 
sealed. The samples were stored at 0—4°C for 
3—12 days. 


















2.2. Differential scanning calorimetry 





Microcalorimetric measurements were  per- 
formed using high-sensitivity differential adia- 
batic scanning microcalorimeters DASM-1M or 
DASM-4 (Biopribor, Pushchino, Russia) with 
sensitivity better than 4x 10~° cal/K and a 
noise level less than 5 x 10~’ W (Privalov et al., 
1975). Heating and cooling runs were performed 
at a scan rate of 0.5°C/min. Following equilibra- 
tion at 0—4°C for 7-12 days prior to the first 
heating, the samples were scanned two to four 
times in succession following immediately the 
first heating scan. The thermograms were cor- 
rected for the instrumental baseline and for the 
instrumental time constant. The onset and the 
completion temperatures of the phase transition 
necessary for the construction of the solidus and 
liquidus line of the phase diagram were deter- 
mined using a procedure described previously 
(Koynova et al., 1987). 
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2.3. Time-resolved synchrotron X-ray diffraction 


For time-resolved X-ray diffraction experi- 
ments a brass sample holder for glass capillaries 
was used. The holder was connected to a Peltier 
temperature control system as described recently 
(Rappolt and Rapp, 1996). This setup allows 
linear heating and cooling temperature scans at 
rates in the range 0.1—10°C/min. Diffraction 
patterns were recorded on beam line X13 of the 
EMBL outstation at DESY in Hamburg. The 
camera comprises a double focusing monochro- 
mator-mirror arrangement (Hendrix et _ al., 
1979). X-ray reflections in the small- and wide- 
angle regimes were recorded simultaneously us- 
ing a _ data-acquisition system previously 
described (Rapp et al., 1995). With this system 
millisecond time-resolved experiments were feasi- 
ble at high spatial resolution (Rapp et al., 1993). 
It consists of two linear detectors with delay line 
readout (Gabriel, 1977) connected electronically 
in series. In this configuration, both detectors 
appear as one single detector to the data-acqui- 
sition system (Boulin et al., 1988). One detector 
covers the small-angle region, the second detec- 
tor covers the wide-angle region. To minimise 
the X-ray dose on the sample, a fast solenoid- 
driven shutter controlled by the data acquisition 
system was used to prevent irradiation of the 
sample in those periods when no diffraction 
data were taken. The signals of an ionisation 
chamber to measure the incoming X-ray flux 
and the readings of a thermocouple placed in 
the sample holder next to the sample were 
stored together with the detector data. Raw 
data were normalised for the incident beam inten- 
sity. No further corrections were applied. No 
radiation damage of the lipids was evident from 
their X-ray patterns. Some samples with longer 
exposure time were checked by thin layer chro- 
matography after the experiments. However, no 
products of lipid degradation were detected in 
these samples. Linear heating-cooling scans were 
performed at rates from 0.5—2°C/min. The re- 
ciprocal spacing s= 1/d=2 sin (@)/A, with wave- 
length 4=0.15 nm and scattering angle 20 were 
obtained from dry rat tail collagen (long spacing 
of 65 nm) and Ag-behenate (5.838 nm) in the 
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Fig. 1. Heating DSC thermograms of DMPC/MA mixtures of different MA mol% recorded at 0.5°C/min scan rate. Left panel: First 
scans recorded after 7—12 days storage at 0—4°C; Right panel: Second scans performed immediately after the first ones. 


SAXS region and from the spacings of tripalmitin 
and p-bromo benzoic acid in the WAXS region. 
The data were analyzed using the interactive data 
evaluating program OTOKO (Boulin et al., 1986). 


3. Results and discussion 


3.1. DMPC/MA 


3.1.1. Differential scanning calorimetry 

A selection of thermograms recorded with 
DMPC/MA dispersions at different MA content 
upon first and subsequent heating are presented in 
Fig. 1. For pure hydrated DMPC, subtransition 
(17.6°C), pretransition (15.4°C) and main transi- 


tion (7,,, = 23.8°C, AH = 6.0 kcal/mol) were ob- 
served with thermodynamic parameters in good 
agreement with the literature data (NIST Stan- 
dard Reference Database 34, 1994). For pure 
MA, the melting transition upon heating was at 
53.0°C, AH = 5.8 kcal/mol. The reverse transition 
was recorded at 48.2°C on cooling at 0.5°C/min, 
with about twice reduced enthalpy (3.1 kcal/mol) 
and markedly reduced cooperativity (cf. A7,,.= 
0.32°C on heating and 3.27°C on cooling). 
Upon addition of MA to pure DMPC, the 
temperature of the pretransition increases and it 
merges with the main transition at 10 mol% MA 
(Fig. 1). The subtransition is observed during the 
first heating after low-temperature storage in sam- 
ples with up to ca. 30 mol% MA. At higher MA 
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content, another transition observable only upon 
first heating after low-temperature incubation ap- 
pears at 31—33°C. It is a likely result of a co-crys- 
tallisation of DMPC and MA at low temperature 
and formation of a compound crystalline phase, 
Lee™, similarly to those observed in DPPC/PA 
and DSPC/SA mixtures (Koynova et al., 1987, 
1988). This transition persists in the first heating 
thermograms up to about 90 mol% MA. Its en- 
thalpy is maximum at 67 mol% MA (AH =4.9 
kcal/mol). This is an indication that the amount 
of lipid involved into the compound formation is 
maximum at that composition, i.e. the latter com- 
position corresponds to the compound §stoi- 
chiometry. At other molar ratios, one of the two 
components of the mixture is in excess and does 
not participate in the compound formation, thus 
reducing the transition enthalpy. We therefore 
conclude that the stoichiometry of the compound 
crystalline phase L&°™ is DMPC/MA 1:2, mol/ 
mol. 

The main transition broadens and progressively 
shifts to higher temperatures upon addition of 
MA to DMPC (Fig. 1). Mixtures containing up to 
40 mol% MA exhibit a broad endotherm while at 
higher content of MA the transition sharpens and 
at 60—75 mol% MA it proceeds in a rather coop- 
erative way. The onset temperature of the transi- 
tion remains fixed at 47.7°C upon addition of MA 
in a wide range of compositions, from 60 to 90 
mol% MA. The temperature where the transition 
is complete increases up to 50.7°C at 67 mol% 
MA, then drops down by 1°C in the preparation 
with 75 mol% MA. The transition has the lowest 
for this composition range half-width of 0.20°C in 
the mixture containing 75 mol% MA (transition 
peak at 49.4°C). At higher MA concentrations (80 
and 90 mol%), the peak at ca. 50°C persists, and 
an additional peak appears at higher temperature, 
close to the transition temperature of the pure 
MA. 

Small heat capacity anomalies were observed in 
the thermograms of the samples with 60 and 67 
mol% MA at temperatures above the melting 
transition, not with a reliable reproducibility. 

The phase diagram of the DMPC/MA binary 
mixture constructed based on the calorimetric 
data is presented in Fig. 2A, the non-lamellar 
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phases were assigned from the X-ray experiments 
(see below). The eutectic point region of this 
diagram, corrected for the finite width of the 
transitions of the pure components, is presented 
in Fig. 2B. Over the compositional range 0—60 
mol% MA, the progressive increase of the transi- 
tion onset and completion temperatures is indica- 
tive for a continuous mixing of the two 
components. At 60—90 mol% MA, the horizontal 
portion of the solidus line is characteristic of a gel 
phase immiscibility. Thus, in this composition 
range at low temperatures solid phases enriched in 
DMPC (ca. 60 mol% MA, point B on Fig. 2B) 
and in MA (> 90 mol% MA, point D on Fig. 2B) 
are assumed to coexist. 

The pattern of the liquidus line for 55—75 mol% 
MA implies the existence of a second region of 
phase separation in the phase diagram, a liquid— 
liquid immiscibility region. At these compositions, 
two liquid crystalline phases are supposed to co- 
exist in a narrow temperature range, one with 
initially 55 mol% MA (point A on Fig. 2B) and a 
second with initially 75 mol% MA (point E in Fig. 
2B). At 67 mol% MA this temperature range is of 
maximum width, between 48° and 51°C. Thus, 
51°C is a critical solution temperature (point C in 
Fig. 2B) above which the mixture consists of a 
single liquid crystalline phase. 

Point E in the phase diagram (Fig. 2B) repre- 
sents an eutectic point. With this molar ratio 
(DMPC/MA, 1:3 (mol/mol); 75 mol% MA), the 
sample melts at 49°C into a liquid crystalline 
phase with composition identical to that of the 
system. At this composition the transition en- 
thalpy is at a maximum of 6.3 kcal/mol. 


3.1.2. X-ray diffraction 

Small- and wide-angle diffraction patterns of 
DMPC/MA samples at different MA content 
were recorded during heating-cooling cycles using 
TRXRD. This method was particularly advanta- 
geous in the present study by providing means to 
record data with sufficiently high time resolution 
during temperature scans. It was thus possible to 
detect and resolve phase structures existing in 
rather narrow temperature intervals. The phase 
identification according to these measurements is 
incorporated in Fig. 2A. 
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Fig. 2. (A) Phase diagram of the DMPC/MA mixture constructed on the base of the calorimetric data. Phase identification is 
according to the X-ray data. The phase notations shown in brackets in the high-temperature range, at 50 mol% MA, have been 
observed with sample dispersed in | M Na,SO,; (B) Expanded view of the eutectic point region of the same phase diagram corrected 


for the finite width of the transitions of the pure components (L-liquid phase, S-solid phase; S, + Sp 
compositions corresponding to points B and D indicated on the figure; L, + Ly 


corresponding to points A and E indicated in the figure). 


3.1.2.1. 20 and 33 mol% MA. These samples 
undergo a broad transition from a _ lamellar 
gel (L,) phase (d= 6.6—6.7 nm) into a lamellar 
liquid crystalline (L,) phase (d= 6.4 nm). At high 
temperatures ( ~ 80°C) the low-angle Bragg peak 
broadens, in parallel with a strong decrease of 
the scattering intensity in samples with both 
10 and 25 wt% lipid. With 33 mol% MA, a shift 
of the diffraction peak to higher spacings also 
takes place (Fig. 3). This process is reversible 
upon cooling where the observed during heating 
correlated L, and Ly, phases reappear sequen- 
tially. 


~ coexisting solid phases of 
coexisting liquid phases of compositions 


3.1.2.2. 50 mol% MA. A subgel phase (d = 5.8 nm) 
is formed below 35°C after low-temperature eq- 
uilibration (Fig. 3). The L, —L, transition takes 
place with a drop of the d-spacing in the tran- 
sition region. At temperatures above 70°C 
the samples with 10 and 25 wt% lipid have differ- 
ent behavior (data not shown). In the sample of 
10 wt% lipid, a shift of the d-spacing to higher 
values takes place, concurrently with a strong 
decrease of the scattering intensity. With the 25 
wt% lipid sample, it is seen that the L, phase 
transforms to another liquid crystalline phase 
with reflections which cannot be indexed on 
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Fig. 3. Dependence of the lattice constants on temperature for different DMPC/MA ratios (O-L,; @-L,; @-L2°"; ©-LM“; O-Hy:; 
V-Fd3m; V-Pn3m; A-Im3m; M-isotropic; A-disordered). Lattice constants of the cubic phases are calculated according to their 
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tentative identification, as indicated on the figure. For the H,, phase, the lattice constant a = 2d,9/,/3 is plotted for the 75 mol% and 
85 mol% MA; in the case of 67 mol%, the d-spacing of the (100) reflection is plotted instead of the lattice constant to improve the 
readability for the figure. The insert (dashed rectangle) at 50 mol% MA refers to dispersion in 1 M Na,SO,. The arrows denote 


phases observed in heating or cooling direction. 


a lamellar or on a hexagonal lattice. Due to the 
low scattering intensity, a proper identification 
of this phase was not possible. The scattering 
pattern in this temperature range was much bet- 
ter resolved in the 50 mol% MA sample dis- 
persed in | M Na,SQ,. In this case, a sequence 
of three phases of presumably cubic structure 
was observed upon heating. In the first one the 
SAXS reflections have reciprocal spacings in the 
ratio ./2:,/3:,/4:(,/5?):,/6 (,/2 reflection at 
20.7 nm), the second phase with SAXS reflec- 
tions in the ratio ./2:,/4:,/6:,/8:,/10, the ./2 
reflection at 12.2 nm, and the third one with 





reflections in the ratio \/2:,/3:,/4:,/6:,/8, with 
the ./2 reflection at 9.8 nm. The first phase 
does not reappear in cooling direction (Fig. 4). 
It may belong to cubic phases of cubic aspects 
#2 (P4,...) or #4 (Pn...), since the existence 
of the af 5 reflection is questionable (Table 1). 
The second set of reflections is consistent with 
cubic aspect #8 (space group of highest sym- 
metry Im3m), and also with cubic aspect #6 
(space group Pn3n) (Kasper and _ Lonsdale, 
1985). The third set of SAXS reflections fits to 
cubic phases of aspect #4, space groups Pn3m, 
Pn3. 
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3.1.2.3. 67 mol% MA. Various kinds of phase 
coexistence were observed in the whole range 
below 80°C (Fig. 3). At low temperatures, a com- 
pound crystalline phase L¢°™ (d= 5.8 nm; WAXS 
reflections at 0.429, 0.405, 0.378, 0.374 nm) coex- 
ists with a small amount of crystalline phase of 
almost pure MA, L™“ (d= 3.2 nm; WAXS reflec- 
tions at 0.412, 0.370, 0.359 nm). At ca. 30°C, Lé°™ 
is replaced by the lamellar gel phase with repeat 
distance of 6.4 nm at 45°C. Upon heating up to 
the melting transition onset, the coexisting L, and 
LM“ phases disappear according to the WAXS 
diffraction pattern, and two liquid crystalline 
phases appear simultaneously, an H,, phase with 
first order reflection at 5.3 nm and an L, phase 
with repeat distance of 6.5 nm (Fig. 5A). These 
two phases coexist in the range 51—55°C. In this 
temperature range the lattice constant of the H, 
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Fig. 4. SAXS patterns illustrating the transformation between 
two different phases of cubic topology (tentative assignment 
Pn3m and Im3m) in DMPC/MA (50 mol% MA) mixture 
dispersed in | M Na,SO, upon cooling at 1°C/min. Diffrac- 
tion data were recorded for 15 s at every 30 s. 


phase increases with temperature, opposite to 
what is observed with the H,, phase of pure lipids. 

The recorded structural changes in the 67 mol% 
MA preparation well correlate with the calorimet- 
ric phase diagram in Fig. 2. The transition tem- 
peratures determined by DSC were systematically 
below those determined by TRXRD by 3-—5°C. 
We consider the transition temperatures deter- 
mined from DSC as more reliable and construct 
the phase diagram according to them. The noted 
above systematic difference might be due to the 
thermocouple positioning in the air outside the 
sample capillary in the sample holder of the X-ray 
setup. At low temperatures, the observed solid— 
solid phase separation is consistent with the hori- 
zontal solidus line in this composition range. 
Upon reaching the solidus line on heating, the 
sample undergoes phase separation into two liq- 
uid crystalline phases — L, phase with ca. 55 
mol% MA and H,, phase with 75 mol% MA — in 
accordance with the shape of the liquidus line of 
the phase diagram. With increase in temperature, 
the compositions of these phases merge until the 
critical solution temperature (point C in Fig. 2B) 
is reached where the sample becomes homoge- 
neous, retaining the structure of the H,, phase. 
Thus, the recorded increase of the H,, lattice 
constant with the temperature results from grow- 
ing amount of DMPC in this phase. Above the 
critical solution temperature, this dependence re- 
verts to the typically observed decrease of the 
lattice constant with the temperature (Fig. 3). 

At higher temperatures, three additional SAXS 
reflections (at 14.4, 10.2, and 8.3 nm, ratio 
\/2:,/4:,/6, at 60°C) appear concurrently with 
the H,, phase. They persist up to ca. 77°C and 
above this temperature, only the H,, phase re- 
mains. The additional reflection set fits neither to 
a lamellar nor to a hexagonal structure. Consider- 
ing the general phase sequences observed in lipid- 
like amphiphiles, they presumably belong to a 
phase of cubic topology. This assumption is based 
also on reported observations of cubic phase in 
DMPC/MA (1:2, mol/mol) mixture (Rama Kr- 
ishna and Marsh, 1990; Heimburg et al., 1990; 
Seddon et al., 1990; Erbes et al., 1996). During 
the first heating-cooling course, the cubic traces 
are weak but become better resolved after some 
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Fig. 5. (A) X-ray diffraction patterns illustrating solid—solid and liquid—liquid phase immiscibility in hydrated DMPC/MA (67 
mol% MA) mixture. Heating rate 1°C/min. A similar picture was observed also at 0.5°C/min (not shown). Diffraction data were 
recorded for 5 s every 30 s. SAXS and WAXS regions are indicated. (B) X-ray diffraction patterns illustrating traces of two different 
phases of cubic topology in hydrated DMPC/MA (67 mol% MA) mixture upon cooling at 1°C/min after three 57—82°C 
heating-cooling cycles at 10°C/min. Diffraction data were recorded for 5 s every 30 s. SAXS and WAXS regions are indicated. 


temperature cycling. Thus, after three cycles 57- 
82°C, it is seen that even a transformation be- 
tween two different, presumably cubic structures 
takes place at ca. 47°C upon cooling (the higher- 
temperature one with reflections at 14.4, 10.2, 
and 8.3 nm, to a lower-temperature one with 
reflections at 11.4 and 9.3 nm) (Fig. 5B). Unam- 
biguous identification of these phases from the 
X-ray pattern is not possible. The phase ob- 
served on heating and at higher temperatures on 
cooling may belong to cubic aspects #8 (space 
group of highest symmetry Im3m) (Table 1), or 
#6 (space group Pn3n), and the phase appear- 
ing at lower temperatures on cooling may be- 
long to cubic aspects #4 (space group 


Pn3m/Pn3) or #3 (space group P4,32) (Kasper 
and Lonsdale, 1985). The emerging of the first 
traces of the L, phase on cooling causes restruc- 
turing of the cubic phase prior to its disappear- 
ance (Fig. 5B). 


3.1.2.4. 75 mol% MA. At low temperatures, the 
mixture with 75 mol% MA behaves similarly to 
that with 67 mol% MA — a crystalline phase of 
almost pure MA coexists initially with L&°™, and 
above ca. 30°C — with the L, phase (Fig. 3). 
During melting, the coexisting solid phases 
transform in a rather cooperative way in a single 
H,, phase, with (100) reflection at (5.34 nm)~! 
(Fig. 6). This transition is reversible on cooling. 
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3.1.2.5. 85 mol% MA. The low temperature be- 
havior of this sample does not differ significantly 
from the previous two samples, except that the 
proportion of the coexisting solid phases changes 
in favor of the LM“ phase. At the melting onset, 
the L, phase transforms into H,, phase. The latter 
phase coexists with the LM“ phase in a range of 
4—5°C (Fig. 3). Such solid—liquid phase coexis- 
tence correlates with the shape of the DSC phase 
diagram in this composition range (Fig. 2). Upon 
completion of melting, concurrently with the dis- 
appearance of the L™“ traces, a new liquid crys- 
talline mesophase with non-lamellar structure 
appears, with SAXS reflections in the ratio 
J 3:4/8:/11./12:,/16:,/19:,/24:,/27:,/32 (Fig. 
7; Table 1). This ratio is characteristic for the 
space groups of cubic aspect # 15, namely Fd3m 
/ Fd3. It is noteworthy that the possibility for 
indexing as F4,32 (cubic aspect # 14) is excluded 
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Fig. 6. X-ray diffraction patterns illustrating a direct solid—H,, 
phase transition in hydrated DMPC/MA (75 mol% MA) 
mixture upon heating at 1°C/min. Diffraction data were 
recorded for 5 s at every 20 s. SAXS and WAXS regions are 
indicated. 
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Fig. 7. SAXS pattern from hydrated DMPC/MA (85 mol% 
MA) mixture obtained by averaging of three successive X-ray 
frames recorded during a heating scan at 1°C/min. Diffraction 
data were recorded for 5 s every 30 s. 


solely from the absence of a ./20 reflection 
(Kasper and Lonsdale, 1985). The lattice parame- 
ter of the observed phase (14.5 nm at 70°C) 
decreases slightly with the temperature (Fig. 3). 
Phases of the same symmetry but with larger 
lattice parameters have been recently reported to 
form in PC/fatty alcohol mixtures at high alcohol 
concentrations (Huang et al., 1996). At high tem- 
peratures (95—100°C) the cubic phase is replaced 
by an isotropic phase. 

3.1.2.6. 100% MA. The pure MA undergoes a 
cooperative melting transition from lamellar crys- 
talline phase with lamellar repeat distance of 3.16 
nm and WAXS reflections at 0.464 (weak), 0.479 
(weak), 0.445, 0.439, 0.414 (strong), 0.390, 0.375 
(strong), and 0.362 nm (strong), into an isotropic 
phase (I), possibly micellar. The short lamellar 
repeat period of the fatty acid crystals has been 
ascribed to strong tilting of the hydrocarbon 
chains with respect to the lamellar normal (von 
Sydow, 1956). 


3.2. DLPC/LA 


3.2.1. Differential scanning calorimetry 
Thermograms of DLPC/LA samples at differ- 

ent molar ratios are shown in Fig. 8. For hy- 

drated pure DLPC it is known that the chain 
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Fig. 8. Heating DSC thermograms of DLPC/LA mixtures of different LA mol% recorded at 0.5°C/min scan rate: Left panel: First 
scans recorded after 7—12 days storage at 0—4°C; Right panel: Second scans performed immediately after the first ones. The inset 


is in a 10 x expanded vertical scale. 


melting transition proceeds in two steps, at — 2° 
and 5°C, respectively as a P,,—L, — L, sequence, 
where L, is an intermediate liquid crystalline 
phase, more ordered than the L, phase (Finegold 
et al., 1990; Hatta et al., 1994). We recorded only 
the broad peak at 5°C corresponding to the L, — 
L, portion of the transition. Pure LA exhibits a 
melting transition at 42.7°C on heating. The tran- 
sition proceeds with a hysteresis of ca. 5°C on 
cooling. 

Upon addition of LA to DLPC, up to ca. 60 
mol% LA, the transition progressively shifts to 
higher temperature, similar to what was observed 
with the DMPC/MA mixtures. Preparations con- 
taining up to 40 mol% LA exhibit a broad en- 
dotherm. At a higher content of LA the transition 





sharpens and at 67 mol% LA it takes place at 
29.3°C with the lowest half width of A7),.= 
0.22°C (Fig. 8). The melting onset for mixtures 
with 60—95 mol% LA is at nearly constant tem- 
perature of 28°C. For LA contents from 67 up to 
95 mol%, additional higher temperature en- 
dotherms appear in the thermograms. 

In the composition range 33—43 mol% LA, an 
additional endotherm at 12—13°C is observed dur- 
ing first heatings after low-temperature incubation 
(10 days at 2—4°C). The enthalpy of this transi- 
tion is maximum at 40 mol% LA (3.6 kcal/mol). 
Similarly, at 45-95 mol% LA, an endotherm at 
22—23°C is observed only during first heating 
after low-temperature incubation. Its enthalpy is 
maximum at 60 mol% LA (10.7 kcal/mol). Such 
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thermal behavior most probably reflects co-crys- 
tallisations of DLPC and LA at low temperature 
and formation of compound crystalline phases 
of different stoichiometries, LS?" and L’$™. The 
recorded endotherms are supposed to correspond 
to the transformation of these compounds sub- 
gel phases to the gel L, phase. The stoi- 
chiometries of these compound phases are 
presumably close to 40 mol% LA for L?™ and 
60 mol% LA for L£$™, as judged from the maxi- 
mum enthalpies of the recorded subgel-—gel tran- 
sition. Similarly to the DMPC/MA mixture, 
small heat capacity anomalies (without reliable 
reproducibility) are observed in the thermograms 
of the samples with 63 and 67 mol% LA at 
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Fig. 9. Phase diagram of the DLPC/LA mixture constructed 
on the base of the calorimetric results. The position of the 
solidus line at LA content < 30 mol% (() is taken from the 
calorimetric data in (Finegold et al., 1990). The phase identifi- 
cation is according to the X-ray data. 


temperatures above the melting transition (Fig. 
8, inset). 

The phase diagram of the DLPC/LA mixture 
constructed from the calorimetric data is pre- 
sented in Fig. 9. The position of the solidus line 
for LA contents below 30 mol% was determined 
from the calorimetric data reported in (Finegold 
et al., 1990). This phase diagram is similar to 
that of the DMPC/MA mixture. It reflects con- 
tinuous mixing of the components in both solid 
and liquid phases up to ca. 60 mol% LA. The 
horizontal solidus line in the composition range 
60-95 mol% LA is a manifestation of a gel 
phase immiscibility, while the shape of the liq- 
uidus line indicates the existence of an eutectic 
point at 67 mol% LA and 29°C, and a rather 
narrow region of liquid—liquid immiscibility be- 
tween 29 and 30°C for 60-67 mol% LA. Thus, 
the 65 mol% LA and 30°C point is likely a 
critical solution point. 


X-ray diffraction 
The phase identification according to the 
TRXRD measurements is incorporated in Fig. 9. 
The structural parameters for some of the stud- 
ied DLPC/LA samples are presented in Fig. 10. 


3.2.2.1. 33 and 50 mol% LA. The melting transi- 
tions are between lamellar gel and lamellar liq- 
uid crystalline phases. Similar to what was 
observed with the DMPC/MA mixtures, the 
SAXS diffraction peak broadens and strongly 
decreases in intensity above ca. 80°C. For 10 
wt% lipid sample at 50 mol% LA this broaden- 
ing is accompanied by shift to higher spacings. 
Increasing the lipid content to 25 wt% in the 50 
mol% LA mixture results in an observable trans- 
formation of the L, phase to a non-lamellar 
structure with SAXS reflections in the ratio 
/ 6:,/8:,/4:,/16:,/20 (Table 1), indexing as a 
cubic phase of space group Ia3d (Q**’ ), with 
lattice constant of 14.5 nm. This transformation 
takes place at about 50°C upon heating. At even 
higher temperatures (~ 80°C) the Ia3d_ phase 
transforms to another non-lamellar phase with 
reflections in the ratio ,/2:,/4:,/6, tentatively 
Im3m. 
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Fig. 10. Dependence of lattice on temperature for different DLPC/LA ratios (O-L,; @-L,; M@-L&?"; @-L™; ©-LE“*; O-Hy: 


A-la3d; V-Fd3m; A-Pn3m; W-Im3m; x-isotropic; + -disordered). Lattice constants of the cubic phases, the lattice constant 


a = 2d,0/,/3 is plotted. 


3.2.2.2. 67 mol% LA. The heating of this mixture 
results in a plenteous phase sequence: 


Lom + LE“ > Lg + LE“ SL, OP HQ + H,, 
+~Q°** + Hy ~Q” + Hy > Hy 


Thus, at low temperature the system exhibits 
solid phase coexistence, as it should be expected 
from its DSC phase diagram. Upon heating, a 
cooperative melting into L, phase takes place. 
Further, interconversions between five different 
liquid crystalline mesophases have been observed 
(Fig. 10): L, , H, and three other non-lamellar 
phases typified by sets of four to five reflections 
(Table 1). A tentative identification of the latter 





three phases is that they are cubic phases of space 
groups Ia3d (Q?*°), Pn3m (Q?**) and Im3m (Q”?’). 


3.2.2.3. 75 mol% LA. At low temperatures this 
preparation also exhibits solid—solid phase coexis- 
tence of Les" + Li“ or L, + Lt“ type, below and 
above 23°C, respectively. At 28°C, the L, phase 
(d= 5.9 nm) melts into L, phase (d= 6.0 nm at 
29°C) which now coexists with the L!“ (Fig. 11), 
as expected from the DSC phase diagram. The 
lamellar period of the L, phase increases on heat- 
ing up to 6.2 nm at 35.5°C. Above this tempera- 
ture the L, phase is replaced by a broad diffuse 
halo at small angles, and later by a non-lamellar 
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mesophase, presumably Im3m (Table 1). The 
last traces of the Li“ phase disappear at 
38°C. At this temperature an H,, phase forms 
and coexists with the cubic phase in a broad 
temperature range up to 60°C. Above the latter 
temperature a single hexagonal phase is obser- 
ved. The cubic phase lattice constant de- 
creases with the temperature. Noteworthy, the 
slope of this dependence is different below and 
above 38°C, being much higher in the former 
case (Fig. 10). The described phase sequence is 
readily reversible on cooling, except that the Lé°™ 
phase does not form immediately and requires a 
several day low-temperature incubation for its 
recovery. 
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Fig. 11. SAXS patterns illustrating the phase sequence L, + 
Li4>L,+Li4-Im3m+Li*-> Im3m+H,,-H,, in hy- 
drated DLPC/LA (75 mol’% LA) mixture upon heating at 
1°C/min. Diffraction data were recorded for 15 s every 30 s. 
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Fig. 12. SAXS patterns illustrating the phase sequence L, + 
Lt“ + Q° + LEA = Q”’7 + LIA= Q”? in hydrated DLPC;/ 
LA (85 mol% LA) mixture upon heating at 1°C/min. 
Diffraction data were recorded for 15 s every 30 s. 


3.2.2.4. 85 mol% LA. The phase sequence 
recorded is as follows: 


Lo af Le" «0 L, + Li4=L, t- Li4 = Q?? + Lo 
> Hy + im + Q”’ >] 


Thus, five different kinds of solid—solid and 
solid—liquid phase separation characterize this 
mixture during heating up to the liquidus at 45°C. 
At this temperature the sample becomes homoge- 
neous and forms a non-lamellar phase with SAXS 
reflections in the ratio ,/3: ./8: ./11: ,/12: ./16: 
/ 19: ./24: ./27: ./32: ,/35 (Table 1). This is the 
full set of the first ten reflections indexing as a 
cubic phase of aspect #15, space group Fd3m/ 
Fd3. Its lattice constant is practically independent 
of temperature. Its value of 15.0 nm is only 
slightly higher than that of 14.5 nm for the corre- 
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sponding DMPC/MA mixture. Noteworthy, a mi- 
cellar cubic phase Fd3m was recently reported to 
form in longer chain PC/fatty alcohol mixtures, 
but not in mixtures with hydrocarbon chains of 
12 C-atoms (Huang et al., 1996). Thus, the forma- 
tion of Fd3m phase in the DLPC/LA mixture 
might result from a stronger tendency for negative 
interfacial mean curvature in the PC/FA mixtures. 
The smaller lattice constant of the Fd3m phase 
formed in DMPC/MA mixture compared to that 
in DMPC/C14 fatty alcohol mixture (14.5 nm vs. 
17.5 nm) also supports this assumption. The 
transformation between different liquid crystalline 
mesophases is illustrated in Fig. 12. At high tem- 
peratures, about 80°C, an isotropic phase forms 
(not shown). 


3.2.2.5. 100% LA. Similarly to the other saturated 
fatty acids, the pure LA undergoes a transition 
from lamellar crystalline phase with lamellar re- 
peat distance of 2.7 nm and WAXS reflections at 
0.483 (weak), 0.473 (weak), 0.466 (weak), 0.439 
(strong), 0.426 (weak), 0.413 (strong), 0.389 
(weak), 0.374 (strong), to an isotropic phase. 


4. Summary 


1. The phase diagrams of hydrated short chain 
PC/FA mixtures (DLPC/LA and DMPC/MA) 
have been constructed from DSC and X-ray dif- 
fraction data. They contain eutectic points, at 75 
mol% MA (DMPC/MA 1:3, mol/mol) and 49°C, 
and at about 67 mol% LA (DLPC/LA 1:2, mol/ 
mol) and 29°C. The eutectic point is better ex- 
pressed in the DMPC/MA mixture. 

2. Regions of liquid-liquid and solid—solid 
phase separation have been identified in these 
phase diagrams. Limited regions (2—4°C) of liq- 
uid—liquid phase immiscibility exist at composi- 
tions with slightly prevailing FA. For example, at 
67 mol% MA, a phase separation between L, 
phase enriched in DMPC and H,, phase enriched 
in MA takes place in the temperature range 51- 
55°C. In the DLPC/LA mixture the region of 
liquid—liquid phase immiscibility is very narrow 
(1—2°C, at 60-67 mol% LA) and not so well 


expressed. Solid phase immiscibility is detected in 
both binaries, between 60 and 90 mol% FA. 

3. The PC/FA mixtures form compound subgel 
polymorphic phases. In the case of DMPC/MA 
mixture, one such phase is observed, with a likely 
stoichiometry DMPC/MA 1:2, mol/mol. In cer- 
tain sense, this compound behaves as third com- 
ponent in the mixture. From the shape of the 
phase diagram it appears that the 1:2 compound 
is well miscible with DMPC but displays gel phase 
immiscibility with MA. Indeed, the right-hand 
side of the phase diagram (67-100 mol% MA) 
represents itself a simple eutectic phase diagram 
of the mixture with one component being the 
DMCP/MA (1:2) compound and the other com- 
ponent being pure MA. The eutectic composition 
of this mixture is (DMPC/MA (1:2))/MA = 1:1 
(mol/mol). 

The mixing behavior of DLPC/LA mixture is 
more complicated. Two compound subgel phases 
appear to form upon low-temperature equilibra- 
tion. Their stoichiometries are presumably close 
to 40 mol% LA and to 60 mol% LA. 

4. In the liquid crystalline phase region, non- 
lamellar phases dominate the phase diagrams, es- 
pecially in their fatty acid-rich part. At 50—70 
mol% FA, cubic phases of presumably bicontinu- 
ous topology form—at least two in the DMPC/ 
MA mixture (Pn3m, Im3m), and at least three in 
the DLPC/LA mixture (la3d, Pn3m, Im3m). 
Hence, the Ia3d phase becomes favourable with 
decreasing hydrocarbon chain length. The order 
of appearance of the bicontinuous cubic phases 
with increasing temperature varies with the PC/ 
FA ratio. These cubic phases exist either as single 
phases or concurrently to the hexagonal H, 
phase. At 75 mol% MA (the eutectic composition 
for the DMPC/MA mixture), the only liquid crys- 
talline mesophase present is the hexagonal phase. 
At 67 mol% LA (the eutectic composition for the 
DLPC/LA mixture), the liquid crystalline phase 
sequence is: L,—-Ila3d—Ia3d +H,,—- Pn3m + 
H, ~Im3m+H,,->H,. At higher FA content 
(85 mol%), micellar cubic phase of space group 
Fd3m is observed in both mixtures. Pure fatty 
acids form isotropic phase at temperatures above 
the melting transition. Thus, with increasing FA 











concentration, the non-lamellar phases typical for 
the studied PC/FA mixtures arrange in the se- 
quence: bicontinuous cubic phases (Ia3d, Pn3m, 
Im3m)— hexagonal phase (H,,)— micellar cubic 
phase (Fd3m) — isotropic phase (1). This sequence 
is in principle consistent with the average mean 
curvature of the polar/non-polar interface becom- 
ing more negative with increasing fatty acid con- 
tent. 
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Abstract 











The microscopic structures and conformations of the molecular compounds of POP—PPO and POP—OPO were 
examined using microprobe polarized Fourier transform infrared (FT-IR) spectroscopy. The two molecular 
compounds are formed in a double chain length structure due to specific acyl—acyl interactions through oleic acid 
moieties, yet peculiar differences were observed between the two molecular compounds. The subcell structure of # 
form of the POP—PPO compound was T), whose b,-axis was approximately parallel to the unit cell b-axis. The 
olefinic conformation were neither of skew-cis-skew’ type nor of skew-cis-skew type. On the other hand, two subcell 
structures were assumed for # form of the POP-OPO compound: (a) the palmitoyl leaflet forms the T) subcell and 
the oleoyl leaflet O}, or (b) the two leaflets are both of T, subcell in which the directions of subcell axes of the 
palmitoyl and oleoyl chains are different. The olefinic conformation of the # form of the POP-OPO compound 
revealed the skew-cis-skew’ type. It was assumed that steric hindrance between the palmitoyl and oleoyl chains 
resulted in the formation of the molecular compounds of two types of double chain length structure: (a) complete 
separation of the palmitoyl and oleoyl chain leaflets as revealed in the POP—OPO compound, and (b) one leaflet of 
the palmitoyl chains and other leaflet of the palmitoyl-oleoyl mixed acid chains in the POP—PPO compound. The 
olefinic conformation of the POP—PPO compound was largely deformed compared to that in the PPO—-OPO 
compound. © 1997 Elsevier Science Ireland Ltd. 
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as texture and plasticity, are influenced by the 
physical properties of their TAG components. The 
physical properties of TAGs are in turn influenced 
by microscopic structures and conformations of 
the TAG molecules present in the fat products 
(Formo, 1979; Small, 1986; Sato, 1996). 

The X-ray diffraction (XRD) crystal structure 
analysis is the best approach to clarify the molec- 
ular level structure. However, it is difficult to 
obtain high quality single crystals of TAGs. There- 
fore, only a few reports have been presented on the 
molecular structure of the most stable polymorphs 
of TAGs using the single crystal XRD method: 
trilaurin (Larsson, 1964), tricaprin (Jensen and 
Mabis, 1966) and 1,2-dipalmitoyl-3-acetyl-sn-glyc- 
erol (Goto et al., 1992). As for many TAG crys- 
tals, in particular for their metastable forms, the 
information about subcell and lamellar structures 
have been assessed by powder XRD measure- 
ments. However, local structural information such 
as molecular conformation and orientation of 
functional groups is not available by the powder 
XRD. 

Vibrational (infrared or Raman) spectroscopy 
can obtain information on the molecular structure 
and conformation of lipids by utilizing oriented 
specimens or tiny crystals in conjunction with a 
microprobe (Kobayashi, 1988). A good correspon- 
dence between the single crystal XRD and IR 
analyses have been demonstrated for the molecu- 
lar structures of cis-unsaturated fatty acids (Sato, 
1996; Kaneko et al., 1996). Studies of binary 
mixture systems of unsaturated fatty acids have 
revealed quite diversified phase behavior including 
the existence of miscible phases (Sato et al., 1997), 
eutectic phases (Yoshimoto et al., 1991; Inoue et 
al., 1993; Ueno et al., 1994) and molecular com- 
pound formation (Inoue et al., 1992). Thus FT- 
IR analysis has been quite powerful in elucidating 
the molecular structures and interactions of the 
unsaturated fatty acids. 

In this paper, we describe the microscopic struc- 
tures and the molecular conformations of the 
molecular compounds of POP—PPO (Minato et 
al., 1997a) and POP—OPO (Minato et al., 1997b) 
(POP; sn-1,3-dipalmitoyl-2-oleoylglycerol, PPO; 
rac-1,2-dipalmitoyl-3-oleoylglycerol and OPO; sn- 
1,3-dioleoyl-2-palmitoylglycerol) using the mi- 


croprobe polarized FT—IR technique. These three 
TAGs are the main constituents of vegetable fats 
such as palm oil and cocoa butter. The implication 
of the structural analysis of the molecular com- 
pounds of POP—PPO and POP—OPO may stand 
on two aspects, (a) the formation of the molecular 
compounds in the binary mixtures of TAGs is 
revealed in such special cases of SOS—SSO (En- 
gstrom, 1992), SOS—OSO (Koyano et al., 1992), 
POP-—PPO (Minato et al., 1997a) and POP—OPO 
(Minato et al., 1997b) (SOS; sn-1,3-distearoyl-2- 
oleoylglycerol, SSO; rac-1,2-distearoyl-3-oleoyl- 
glycerol, OSO; sn-1,3-dioleoyl-2-stearoylglycerol), 
and (b) the specific molecular interactions are 
operating between the component TAGs to form 
the molecular compounds. Therefore, the precise 
information of the microscopic structures of the 
molecular compounds may give rise to deep in- 
sights of the molecular interactions operating be- 
tween the TAGs. In particular, all the mixed 
systems examined in the prior and present work 
involve a common fatty acid moiety; the oleoyl 
chain. 

In our previous report, the quite complicated 
polymorphic behavior of SOS and POP were un- 
veiled with the microprobe FT—IR method (Yano 
et al., 1993), which provided structural informa- 
tion of the saturated acyl and oleoyl chains in a 
separate manner. The present experiments specifi- 
cally aimed at clarifying the subcell structures, the 
olefinic conformations, and the glycerol group 
conformations of the most stable # forms of the 
molecular compounds of POP—PPO and POP- 
OPO. 


2. Materials and methods 


Three TAG samples, POP, PPO, and OPO, were 
employed. POP and PPO were provided from 
Unilever (UK) and OPO was purchased from 
Sigma (USA). The purity of the samples was more 
than 99%. No further purification was carried out. 
The molecular compounds were prepared by mix- 
ing the component TAGs of POP-—PPO and 
POP-—OPO at a 1:1 ratio, melting above 50°C, 
crystallizing and incubating at 29°C over 1 week. 
The complete mixing was confirmed by the extinc- 
tion of the exo- and endo-thermic peaks arising 
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from each pure TAG component by means of the 
DSC measurement. The powder XRD spectra 
(Rigaku Geigerflex, 2 = 0.1542 nm, Tokyo, Japan) 
were taken at 18°C to confirm the occurrence of 
the most stable # forms for the two mixtures 
studied. Microprobe polarized FT-IR measure- 
ments were performed with a Spectrum 2000 in- 
strument (Perkin-Elmer, USA). The resolution 
was set at 2 cm~! for the two f# forms, which 
were slowly crystallized between KBr plates below 
their melting temperatures. Tiny crystals with a 
needle shape were grown. The previous study on 
SOS f crystals showed that the needle axis is 
parallel to the crystallographic b-axis (Yano et al., 
1993). The same geometry was applied to a 
present case. The directions of the crystal axis and 
the polarization of the incident IR beam were set 
so that the b-axis of the crystal and the 0° polar- 
ization direction makes an angle of 90°. The 
polarization angle was changed by 5° step from 0 
to 180° as shown in the top right of Fig. 1. 


3. Results 


Table 1 summarizes the XRD long and short 
spacings of POP-—PPO and POP-—OPO com- 
pounds in the most stable # forms, which will be 
referred as f.. Both forms are of a double chain 
length structure according to their long spacing 
values. Very strong short spacings of 0.460 and 
0.457 nm are characteristic of triclinic parallel (T)) 
subcell structures (Harnqvist, 1988). The polar- 
ized absorption spectra taken for /.(POP—PPO) 
and £.(POP-—OPO) are shown in Figs. | and 2, 
respectively. 

Fig. la and b show the CH, scissoring and the 
CH, rocking bands of £.(POP-—PPO), which are 
sensitive to the subcell packing of the poly- 
methylene chain. The 0° polarization is perpendic- 
ular to the b-axis of the unit cell. A single 
spectrum was observed at 1471 cm ~', indicating a 
subcell structure of parallel type (Fig. la). The 
intensity of this spectral band showed a clear 
dichroism with respect to the polarization direc- 
tion; e.g. maximum at the 90° polarization, and 
minimum at the 0° polarization. The single CH, 
rocking band at 717 cm ~ ' (Fig. 1b), which is also 


characteristic of parallel type subcell, showed a 
clear dichroism. In contrast to the polarization 
property of the scissoring bands, the rocking band 
exhibited maximum absorbance at the 0° polariza- 
tion. This means that the dipole moments of the 
scissoring and rocking modes make a right angle 
as shown in Fig. 3. 

As to the olefinic conformation, it was con- 
cluded that the -HC=CH- out-of-plane bend- 
ing (y(=CH)) band around 690 cm~' and the 
=CH asymmetric stretching (v(=CH))around 3010 
cm~' are sensitive to a local conformation of 
skew-cis-skew’ at the cis double bond (Kobayashi, 
1988). However, no absorbance of the =CH out- 
of-plane bending band was observed around 
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Fig. 1. Polarized microprobe FT-IR spectra of £-(POP- 
PPO): (a) CH, scissoring, (b) CH, rocking and =CH out-of- 
plane bending, (c) =CH stretching, (d) C=O stretching of 
glycerol group. 
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Table | 
X-ray diffraction spectra of POP—PPO and POP—OPO com- 
pounds in the most stable # form 





POP—PPO (nm) POP—OPO (nm) 





40.1 (vs) 4.21 (vs) 
1.38 (s) 1.43 (s) 
0.537 (m) 0.527 (m) 
0.521 (m) 0.521 (m) 
0.506 (w) 0.509 (w) 
0.460 (vs) 0.457 (vs) 
0.442 (m) 0.442 (m) 
0.397 (s) 0.413 (s) 
0.337 (m) 0.397 (m) 

0.380 (m) 
0.375 (s) 
0.363 (m) 





vs, very strong; s, strong; m, medium; w, weak. 


690 cm~' in Fig. 1b, and a small and broad band 
of =CH asymmetric stretching was observed at 
3012 cm~! in Fig. Ic. 

As for B.(POP—OPO), the CH, scissoring band 
at 1470 cm~' showed the maximum absorbance 
at 105° and the minimum absorbance at 15° (Fig. 
2a). The maximum absorbance of the CH, rock- 
ing band at 717 cm~' was obtained at 15°, 
whereas the 105° polarization showed the mini- 
mum absorbance (Fig. 2b). In contrast to the 
B(POP-—PPO), the intensity changes of these 
spectra showed a reduced dichroism. The olefinic 
group, the =CH out-of-plane bending band at 675 
cm~' showed the maximum at 150° and the 
minimum at 60° (Fig. 2b), and vice versa for the 
absorbance of =CH asymmetric stretching at 3007 
cm~ ' (Fig. 2c). This behavior is reasonable, since 
the directions of the transition dipole moments of 
the two modes are normal to each other (Fig. 3). 
There is a deviation in the polarization for the 
maximum directions by 45 or 135° between the 
CH, scissoring mode and the =CH out-of-plane 
bending mode, and between the CH, rocking 
mode and the =CH asymmetric stretching mode. 
This deviation indicates a discrepancy in the vi- 
brational directions of carbon and hydrogen 
atoms between the polymethylene groups of the 
oleoyl and palmitoyl chains and the olefinic group 
of the oleoyl chain. 





Fig. 1d and 2d show the C=O stretching bands 
of the carbonyl group, v(=CO), which revealed 
rather complicated polarization dependence, as 
discussed in the next section. 


4. Discussion 


The present discussion will be focused on the 
molecular structures of /#(POP-PPO) and 
B-«(POP-—OPO). For convenience, the basic struc- 
tural models which have been proposed based on 
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Fig. 2. Polarized microprobe FT-IR spectra of #-(POP 
OPO): (a) CH, scissoring, (b) CH, rocking and =CH out-of- 
plane bending, (c) =CH stretching, (d) C=O stretching of 
glycerol group. The polarization directions with respect to the 
crystal shape is the same as that in Fig. 1. 
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Fig. 3. Vibrational modes of the methylene and olefin groups. 


the XRD and DSC studies are illustrated in Fig. 
4a and b (Minato et al., 1997a,b). The major 
point is that the three component TAGs are 
stacked in a triple chain length structure (Fig. 4c 
and d), whereas the double chain length structure 
is formed in the two molecular compounds. This 
must be ascribed to specific acyl chain interac- 
tions. In the two compounds POP—OPO and 
POP-—PPO, the common nature is that one leaflet 
is composed of the palmitoyl chains. However, 
the second leaflet is composed singly of the oleoyl 
chains for the POP—OPO compound, whereas the 
oleoyl and palmitoyl chains are coexisting in the 
POP-—PPO compound. Thus, it is interesting to 
discuss the possible structures of the crystallo- 
graphic subcell, and of the olefinic and glycerol 
groups, in each molecular compound. 


4.1. Subcell structure 


The subcell structures of the two #,. forms are 
of parallel type, because the absorbance of the 
CH, scissoring band and the CH, rocking band 
showed the single peaks. The subcell of or- 
thorhombic type gives rise to splitting in the two 


spectral bands (Kobayashi, 1988). Then, a prob- 
lem arises on the detailed subcell structure of 
parallel type, typically T) and Oj, and their geo- 
metric relations with respect to the crystal axis. 
The well-defined polarization properties of the 
all characteristic bands were observed in an al- 
most complete manner for /-(POP-—PPO), but 
incompletely for £-(POP—OPO) (Fig. la,b and 
Fig. 2a,b). From these FT-IR data combined 
with the XRD short spacing data, one may con- 
clude that the palmitoyl and oleoyl chains of 
B-(POP-—PPO) are packed according to the tri- 
clinic parallel (T)) subcell, with the arrangement 
of the subcell axes of the two chains in the same 
directions (Fig. 5). On the other hand, the incom- 
plete polarization of £.(POP—OPO) indicates the 
presence of two types of subcell structure. One is 
due to a geometrical deviation in the direction of 
the transition dipole moments between the palmi- 
toyl chain leaflet and oleoyl chain leaflet (see Fig. 
4a) caused by a contribution of the glycerol 
group. The other possibility is that the subcell of 
the oleoyl chains is O}. However, the XRD of 
B-<POP-—OPO) did not show the short spacing of 


(a) POP/OPO compound (b) POP/PPO compound 


WS) WA 
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Fig. 4. Structure models of (a) POP-OPO compound, (b) 
POP—PPO compound, (c) POP and PPO, and (d) OPO. 
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Fig. 5. The relative directions of the T, subcell axes (a,, b,) and 
the unit cell axes (a, 5). 


0.47 nm which was observed in the oleic acid y 
form having the Oj subcell (Suzuki et al., 1985). 

In addition, as the polarization direction is 
parallel to the b-axis of the crystal unit cell, the 
absorbance of the CH, scissoring band is mini- 
mum and that of the CH, rocking band is maxi- 
mum. Therefore, we conclude that the direction of 
the subcell b-axis is approximately parallel to the 
unit cell b-axis of B.«(POP—PPO) and £.(POP- 
OPO), as illustrated in Fig. 5. 


4.2. Olefinic conformation 


The conformational diversity of the cis-double 
bond is related to the flexibility of the unsaturated 
lipids. Recently, XRD and vibrational spectro- 
scopic studies on the monounsaturated fatty acids 
have shown that the olefinic conformations vary 
widely depending on the polymorphic structures 
(for example, see Sato, 1996). The most typical 
conformations are of the skew-cis-skew’ (s-c-s’) 
type with a bent geometry, which is revealed in y 


forms of oleic (Suzuki et al., 1985; Kobayashi et 
al., 1986) and erucic acids (Kaneko et al., 1993, 
1994), and of the skew-cis-skew (s-c-s) type ap- 
pearing in y, form of erucic acid, which is also of 
bent type (Kaneko et al., 1992a). Petroselinic acid 
LM form showed a peculiar structure in which the 
internal rotation angles are (160, cis, — 158°), 
leading to a less bent conformation (Kaneko et 
al., 1992b). These studies indicate that the =CH 
out-of-plane bending (y(=CH)) bands of the s-c-s’ 
and the s-c-s types appear at ~ 700 cm~' and 
~ 730 cm~', respectively. The y(=CH) bands of 
B, of POP and SOS appeared at 690 cm’, 
indicating the olefinic s-c-s’ conformation (Yano 
et al., 1993). 

In the present study, no significant absorption 
of =CH out-of-plane bending band was observed 
in the region of 750—650 cm~' in 6.(POP-—PPO). 
On the other hand, the y(=CH) band of #-(POP- 
OPO) clearly appeared at 675 cm~', which is 
similar to the frequency of the y(=CH) band 
observed in f forms of SOS and POP (Yano et 
al., 1993). Therefore, we conclude that the olefinic 
conformation of the #.(POP—OPO) is of the s-c- 
s’ type. As for 6-(POP—PPO), however, olefinic 
conformations may be neither of s-c-s’ type nor of 
s-c-s type. This means that the steric hindrance 
between the oleoyl and palmitoyl chains might 
give rise to the deviation in the olefinic conforma- 
tion from the s-c-s’ and s-c-s types. 

In this regard, it is interesting to observe the 
progression bands of the CH, wagging and twist- 
ing—rocking combination modes, which are very 
sensitive to the chain length of the acyl moiety 
and to molecular conformation (Snyder, 1960; 
Fischmeister, 1974). Fig. 6 shows the CH, pro- 
gression bands of tripalmitin (PPP) # (polarized) 
and £-.(POP-—PPO) (not polarized) measured at 
78 K. The progression bands of £-.(POP—PPO) 
are quite similar to that of PPP #. The same 
spectra denoted by dotted lines are observed in 
two samples, caused by the contribution of the 
palmitoyl chains. This result indicates that the 
palmitoyl chains of 6.(POP—PPO) must have the 
same conformation as that of palmitoyl chain of 
PPP f. Therefore, the oleoyl chains of #.(POP- 
PPO) are markedly influenced by the palmitoyl 
chains, and thereby a deviation in the olefinic 











conformation of /.(POP-—PPO) from s-c-s’ type 
or s-c-s type is caused. 





4.3. Glycerol conformation 






The C=O stretching bands, v(=CO), due to the 
glycerol groups exhibited quite complicated be- 
havior, and the details in the vibrational assign- 
ments are still open to future studies. However, 
some indicative information was available for the 
two f. forms of the POP—PPO and POP—OPO 
compounds. 

The v(=CO) bands of /£.(POP-—PPO) and 
B-(POP-—OPO) were remarkably different from 
each other as shown in Fig. ld and 2d. However, 
remarkable similarity was observed between 
B-(POP-—PPO) and PPP f (not shown here), and 
between £/.(POP—OPO) and POP f (Yano et al., 
1993). This means that the local molecular struc- 
tures close to the glycerol carbonyl groups may be 
similar in the above two combinations. However, 
further studies of the conformation of the glycerol 
group are necessary. 























4.4. Comparison with B (SOS—SSO) and 
B ASOS-OSO) 





It is interesting to compare the IR spectra of 
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Fig. 6. The progression bands of wagging mode and twisting 
rocking mode of the POP—PPO compound and PPP / form 
taken at 78K. 
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the two # forms of the POP—PPO and POP—OPO 
compounds with those of #-(SOS—SSO) and 
B-(SOS—OSO), whose phase behavior was al- 
ready clarified (Engstrom, 1992; Koyano et al., 
1992). This is because the four compounds may 
reveal common structural behavior by sharing the 
oleoyl moieties and also by slightly differing in the 
saturated acid moieties. 

A perfect correspondence in various FT-IR 
spectra of #(SOS-SSO) and £~(SOS—OSO) 
could be observed for each spectral band between 
the two combinations of /#-(POP-—PPO) and 
B (SOS—SSO), and #.(POP—OPO) and £.(SOS- 
OSO). This dictates that the molecular structures 
are almost identical in the two pairs of these 
molecular compounds. 


4.5. Steric hindrance and molecular compound 
structures 


The present work has given the molecular level 
information of the compound structures com- 
prised of the 1:1 mixtures of POP—OPO and 
POP-—PPO, as illustrated in Fig. 4. Since the 
molecular forces operating in the present 
molecules are of a van der Waals type, it is quite 
interesting how the molecular interactions can 
enable the formation of the stable compounds. 

The structure of #/.(POP—OPO) looks more 
stable compared to that of #.(POP-—PPO), since 
each molecule of POP and OPO is arranged 
upside down alternatively in the former as shown 
in Fig. 4a. In this structure, the palmitoyl 
and oleoyl leaflets are separated, and no co- 
existence of the two chains in the same lea- 
flet occurs. Thus, the steric hindrance between 
the palmitoyl and oleoyl chains is minimized. 
In addition, the olefinic IR spectra, y(=CH) 
(Fig. 5) of B-.(POP-—OPO) indicates the existence 
of the s-c-s’ conformation, meaning the least infl- 
uence of the palmitoyl chains on the olefinic 
conformation. 

In the structure of #.(POP-—PPO), the number 
of oleoyl and palmitoyl chains of /-(POP—PPO) 
are not balanced. Therefore, the separation of 
palmitoyl chain leaflet and palmitoyl—oleoyl 
mixed acid chain leaflet must occur as in Fig. 4b. 
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Dynamic analysis on the polymorphic transfor- 
mations from «-f'-f of the POP—PPO compound 
with a time-resolved synchrotron radiation XRD 
study also supports this model (Minato et al., 
1997a). The present FT-IR results indicate that 
the oleoyl chains of #.(POP—PPO) are remark- 
ably deviated from the usual olefinic conforma- 
tions of s-c-s’ and s-c-s types, because of the steric 
hindrance caused by the adjacent palmitoyl 
chains. This result is different from the structure 
model proposed for f$(SOS-—SSO), where 
stearoyl chains are bent due to the presence of the 
oleoyl chains in stearoyl—oleoyl mixed acid chain 
leaflet (Engstrom, 1992). 

More precise structures of these molecular com- 
pounds are left for future works, although the 
structural models in Fig. 4a and b are the most 
plausible. An elucidation of the structures of 
mixed acid leaflet in terms of precise subcell pack- 
ing and conformation, glycerol structures, and 
methyl end packing will be required. In this re- 
gard, we stress again that the cis-unsaturated fatty 
acids exhibit quite diverse molecular structures. 
This diversity may be seen in the subcell struc- 
tures and precise conformations of the oleoyl 
moiety, particularly in 6.(POP-—PPO). The eluci- 
dation of these properties may be valuable to 
assess the lateral chain packing in liquid crys- 
talline phases of amphiphilic lipids containing 
oleic acid and saturated acid moieties (Small, 
1984). 
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Abstract 





The thermotropic and lyotropic phase behaviour of mixtures of ceramides type IV and cholesterol was investigated 
using Fourier transform (FT) Raman spectroscopy and differential scanning calorimetry (DSC). In the dry and in the 
fully hydrated state of these mixtures the DSC-curves exhibit an eutectic melting followed by the melting of the 
residual solid component. The Raman spectrum of the mixtures is complex, nevertheless, the appearance of the 
conformationally dependent bands indicates the ordered structure of the hydrocarbon chains. The temperature 
dependence of the conformationally sensitive bands in the CH, stretching region (2800-2975 cm ~') and in the chain 
C-C stretching region (1050—1150 cm~ ') was used to estimate the degree of order in terms of the relative population 
of trans and gauche conformers. The spectrum of the pure cholesterol shows only a weak temperature dependence in 
the CH, stretching region and, therefore, the decrease of the intensity of the asymmetric CH, stretching mode at 2880 
cm~' can be attributed to the melting of the alkyl chains of ceramides. The temperature and width of the phase 
transition, derived from Raman data, are similar to those of the DSC study. © 1997 Elsevier Science Ireland Ltd. 
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1. Introduction human skin to dermally and transdermally deliv- 
ered drugs. The stratum corneum consists of 10-— 

Stratum corneum, the outermost layer of the 15 layers of relatively impermeable corneocytes, 
human skin, is responsible for the permeability of which are embedded in lipids arranged in a lamel- 
lar structure. The most important diffusional 

* Corresponding author. Tel.: +49 345 5525000; fax: +49 pathway through the stratum corneum is the in- 
345 5527021. tercellular pathway which is influenced by the 
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stratum corneum lipids. A variety of techniques 
have been used to study the structure of stratum 
corneum and these lipids. Increasing interest is 
currently focusing on the molecular structure of 
the stratum corneum lipids. The Fourier trans- 
formed infrared spectroscopy (FTIR) technique 
was applied to study the molecular nature of 
stratum corneum (Golden et al., 1985; Ongpipat- 
tanakul et al., 1994). In recent years the Fourier 
transform (FT) Raman spectroscopy is also be- 
ing used to collect vibrational spectra of the hu- 
man stratum corneum (Williams et al., 1992; 
Barry et al., 1992; Anigbogu et al., 1995). 

Stratum corneum lipid bilayers consist mainly 
of three fractions namely, ceramides (35%), fatty 
acids (25%) and cholesterol (20%) and _ its 
derivates (Elias, 1990). Ceramides are N-acyl 
linked sphingolipids and have been suggested to 
have a central role for the barrier function of 
stratum corneum (Holleran et al., 1991). The 
free hydroxyl groups and the amide group can 
form an extensive hydrogen bonded network. 
The phase behaviour of ceramides and the influ- 
ence of the hydration have been investigated 
only in few studies (Wiedmann and Salmon, 
1991; Han et al., 1995; Tanikawa and Miyajima, 
1995; Wegener et al., 1996). The physico-chemi- 
cal properties of ceramides and their role with 
regard to the function of the barrier as well as 
their interactions with stratum corneum lipids 
are not yet sufficiently understood. 

Cholesterol, another major component of stra- 
tum corneum, is required for the permeability 
barrier homeostasis (Menon et al., 1985; Fein- 
gold et al., 1990). Although the interactions of 
cholesterol with phospholipids (de Kruyff et al., 
1973; Demel and de Kruyff (1976), McMullen et 
al., 1994) and cerebrosides have attracted much 
interest (Johnston and Chapman, 1988; Jackson 
et al., 1988), the effect of cholesterol on the 
thermotropic phase transition of hydrated natu- 
ral hydroxyceramides was studied by Wiedmann 
and Salmon (1991) using solely differential scan- 
ning calorimetry (DSC). 

In a previous paper, we discussed ceramides 
type IV as a model substance for the fraction of 
ceramides and reported the temperature depen- 
dence of their physical properties by applying 












FT-Raman spectroscopy and DSC (Wegener et 
al., 1996). Examining conformationally sensitive 
Raman bands, we have shown that the hydro- 
carbon chains of ceramides type IV exhibit a 
highly ordered structure in the crystalline state 
and that the melting process can be character- 
ized in terms of the relative population of the 
trans and gauche conformers of alkyl chain 
residues. 

The aim of this work is directed above all to 
investigate the molecular interactions between 
well-defined stratum corneum lipids and under- 
stand the complex function of the stratum 
corneum lipids. Thus, in the present study, the 
influence of cholesterol on both phase transition 
and hydrocarbon ordering of ceramides type IV 
by using differential scanning calorimetry and 
FT Raman spectroscopy is reported. In addi- 
tion, the behaviour of the hydrated systems has 
been investigated. In a previous communication, 
we have briefly discussed both aspects 
(Wartewig et al., 1997). Additionally, continuing 
this concept, the thermotropic phase behaviour 
of mixtures of ceramides type IV/stearic acid 
has been elucidated in an other paper (Neubert 
et al., 1997) 


2. Materials and methods 
2.1. Samples 


Polycrystalline samples of ceramides type IV 
and cholesterol were obtained from Sigma 
(Sigma, St. Louis, MO) and were used as re- 
ceived. Ceramides type IV contain. «-hydroxy 
fatty acids mainly composed of Cjg.o, Cr.0, 
C540, and C,,.,. The mixtures were casted from 
chloroform solution and dried under vacuum. 
Excess bidistilled water was added to obtain 
fully hydrated lipid mixtures. Uniform hydration 
was achieved by heating the sample in a water 
bath (85°C) for 30 min. Stable samples were 
prepared by annealing the lipids at 40°C for 24 
h. The sample was placed in a cylindrical glass 
tube for Raman scattering experiments and in 
an aluminium pan for DSC measurements. 
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2.2. Differential scanning calorimetry 


Calorimetric scans were performed at 5 K 
min~' on a DSC-2 (Perkin-Elmer, Norwalk, 
USA) differential scanning calorimeter. The ex- 
trapolated onset temperature, 7, was determined 
by extrapolating to the baseline of the most rapid 
rise of the peak as a function of temperature using 
Perkin-Elmer software. The extrapolated peak 
completion temperature, 7,, was determined in 
an analogous procedure using the dropping part 
of the peak after maximum (Hemminger, 1994). 
Both extrapolated onset and completion tempera- 
tures of the mixtures were corrected for the con- 
tributions to the total transition width which are 
due to the finite width of the transition peaks of 
the pure lipids using the empirical procedure ac- 
cording to Maybrey and Sturtevant, 1976. The 
enthalpy was obtained by integrating the area 
under the peak of the phase transition by com- 
parison with that of a known standard (In). 


2.3. Fourier transform Raman spectroscopy 


FT-Raman spectra were recorded with a FTIR 
spectrometer IFS 66 (Bruker, Karlsruhe, Ger- 
many) equipped with the Raman module FRA 
106 using a diode pumped Nd:YAG laser at an 
operating wavelength of 1064 nm. The scattered 
radiation was collected at 180° to the source. 
Typical spectra were recorded at a laser power of 
300 mW at sample location and a resolution of 4 
cm~'. In order to obtain a good signal to noise 
ratio, typically, 400 scans were co-added for the 
spectra, corresponding to a measurement time of 
10 min. Using the temperature control accessory 
R 495 the temperature dependence of the Raman 
spectra were studied in the range 40 to 100°C 
(stability + 0.2 K). The sample was allowed to 
equilibrate for 15 min to stabilize the temperature 
before recording each spectrum. The manipula- 
tion and evaluation of the spectra were carried 
out using the Bruker OPUS software package, as 
described elsewhere (Wegener et al., 1996). Gener- 
ally, Raman intensities were determined as inte- 
grated band intensities. 


3. Results and discussion 
3.1. Ceramides type IV 


The DSC curve of anhydrous ceramides type 
IV shows a relatively broad endothermic phase 
transition at 89°C (Fig. la) with an enthalpy 
change of 112 J g~' (Wegener et al., 1996). This 
transition is reversible and reproducible in re- 
peated scans. 

In the case of full hydration, the transition 
temperature is lowered to 74°C, which agrees with 
previous studies of fully hydrated hydroxyce- 
ramides (Han et al., 1995; Tanikawa and Miya- 
jima, 1995; Shah et al., 1995). A repeated scan of 
the fully hydrated sample shows a broad exother- 
mic peak, which is attributed to a transition from 
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Fig. 1. Calorimetric scans of ceramides IV/cholesterol mixtures 
after storage at 40°C for 24 h with “ocholesterol being: (a) 0 
mol%; (b) 25 mol%; (c) 45 mol%; (d) 60 mol%; (e) 70 mol%; 
(f) 85 mol%; (g) 90 mol%; and (h) 100 mol”. 
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Fig. 2. Calorimetric scans of fully hydrated ceramides IV 
cholesterol mixtures after storage at 40°C for 24 h with 
*%cholesterol being: (a) 0 mol%; (b) 25 mol%; (c) 38 mol%; (d) 


47 mol; (e) 63 mol; (f) 73 mol%; (g) 84 mol; (h) 90 mol%; 
and (i) 100 mol”. 


a metastable state to a stable gel phase (Tanikawa 
and Miyajima, 1995). The annealing of the sample 
at 40°C for 24 h results in a conversion to a stable 
state, demonstrated by the fact that no exotherm 
phase transition was observed by subsequent 
heating (Fig. 2a). The temperature dependence of 
the Raman spectra of the hydrated ceramides 
annealed at 40°C yields a phase transition at 
72°C. 


3.2. Cholesterol 


Anhydrous cholesterol undergoes two phase 
changes on heating from 0°C to 160°C. The tran- 
sition at about 37°C (Fig. lh), first reported in 
1965 (Spier and van Senden, 1965), has been the 
subject of many studies on DSC and X-ray dif- 
fraction. The crystalline structure of the two rele- 
vant polymorphs of anhydrous cholesterol has 
been described elsewhere (Hsu and Nordman, 
1983). According to these studies, one of the 
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major changes occuring in side chains of the two 
molecules of the unit cell is the conformational 
change from gauche-trans to the energetically 
more stable trans-trans conformation. These con- 
formational transitions can also be observed in 
the Raman spectrum as a small decrease of the 
band position of the symmetric CH, stretching 
mode (Fig. 3). 

Hydrated cholesterol (monohydrate) undergoes 
a phase transition at 78°C (Fig. 2i). This is a 
transition from the hydrated to the anhydrous 
state (Loomis et al., 1979; Small, 1986) and can be 
seen both in the DSC curve and in the tempera- 
ture dependence of the Raman spectrum in the 
methylene stretching region (Fig. 4). The differ- 
ences in the Raman spectra of the anhydrous and 
hydrated cholesterol are described in the literature 
(Bulkin and Krishan, 1971; Faiman, 1977) and 
our investigations conform to this data. 


3.3. Mixtures of ceramides type IV and 
cholesterol 


Representative DSC curves of mixtures of an- 
hydrous ceramides type IV/cholesterol are given 
in Fig. 1. It is evident, that the addition of ce- 
ramides type IV induces distinct effects on the 
thermal behaviour of cholesterol. 

First of all, like in the scans of the pure choles- 
terol (Fig. 1h) a thermal event appears at nearly 
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Fig. 3. Band position of the symmetric CH, stretching mode 
versus temperature for anhydrous cholesterol. 
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Fig. 4. Temperature dependence of the Raman spectra in the 
CH, stretching region of hydrated cholesterol at T = 25°C (a); 
T = 43°C (b); T = 65°C (c); T= 76°C (d); and T = 90°C (e) in 
comparison to the Raman spectrum of anhydrous cholesterol 


(f). 


the same temperature of 37°C (Fig. 1b—g). This 
peak in the scans of the mixtures is due to the 
solid-solid transition of cholesterol because the 
intensity of this peak can be simply correlated to 
the amount of anhydrous cholesterol. The appear- 
ance of this specific transition of cholesterol in all 
mixtures indicates the existence of free cholesterol 
in the solid state mixtures. This is the first strong 
indication of the immiscibility of cholesterol with 
ceramides type IV in the solid phase. This finding 
is in accordance with the eutectic type phase 
diagram (Fig. 5) derived from the measured DSC 
curves of the mixtures (Fig. 1b—g). The phase 
diagram suggests the second argument that the 
components are immiscible in the solid state but 
miscible in the molten state. The measured DSC 
curves of the mixtures with a cholesterol content 
of 60 mol% and more (Fig. Id-g) show at higher 
temperatures a distinct eutectic behaviour. There- 
fore, the peaks at about 82°C are due to the 
melting of the eutectic and the immediately fol- 
lowing broad event is caused by the melting of the 
residual solid cholesterol. This assumption is sup- 


plemented by polarizing optical microscopy stud- 
ies, which demonstrate that there are cholesterol 
crystals after melting of the eutectic mixture. The 
peak again at 82°C in the curve given in Fig. lc 
represents the melting of the almost eutectic com- 
position. 

For samples with a cholesterol content of 25 
mol% and lower, the low temperature transition 
of cholesterol can also be detected using an en- 
hanced sensitivity. In the high temperature region 
the distinct eutectic melting compared to the 
curves of the cholesterol-rich mixtures cannot be 
observed. However, in accordance with the con- 
structed phase diagramm in Fig. 5, we assume 
that the shoulder of the transition peak in Fig. 1b 
is caused by the eutectic melting process. A peak 
shape analysis reveals that there are two thermal 
events. 

The DSC experiments with fully hydrated mix- 
tures of ceramides type IV/cholesterol show that 
hydration leads to a further decrease in the tem- 
perature of the eutectic melting to about 54°C. 
The scans of the different mixtures are given in 
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Fig. 5. Phase diagram of dry mixtures of ceramides type IV 
and cholesterol: M®, extrapolated onset temperature; Tp, due 
to the solid-solid transition of pure cholesterol; @, maximum 
transition temperature; A, corrected extrapolated onset tem- 
perature of the eutectic peak; and +, corrected extrapolated 
completion temperature. 
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Fig. 6. Phase diagram of fully hydrated mixtures of ceramides 

type IV and cholesterol: @, maximum transition temperature; 


A, corrected extrapolated onset temperature of the eutectic 
peak; +, corrected extrapolated completion temperature. 


Fig. 2. The phase diagram of the fully hydrated 
samples is shown in Fig. 6. 

The Raman spectra of the ceramides type IV/ 
cholesterol mixtures are complex owing to the 
superposition of the spectra of the two compo- 
nents. Nevertheless, the conformationally depen- 
dent bands in the CH, stretching region indicate 
the highly ordered structure of the hydrocarbon 
chains at 40°C (Fig. 7). As can be seen in Fig. 7, 
the intensity of the asymmetric CH, stretching 
mode near 2880 cm ~ ' decreases with the addition 
of cholesterol, indicating decreasing number of 
trans conformers of the alkyl chains. 

The temperature dependence of conformation- 
ally sensitive bands in the CH, stretching region 
(2800—3000 cm ~') and in the chain C-—C stretch- 
ing region (1050-1150 cm~') was used to esti- 
mate the degree of order in terms of the relative 
population of trans and gauche conformers. For- 
tunately, the Raman spectrum of cholesterol ex- 
hibits only a weak temperature dependence in the 
range from 20 to 100°C. Therefore, it can be 
assumed that the temperature-induced changes in 
the Raman spectra of the mixtures are related to 
structural alterations of the ceramides part. As an 








example, these changes in the CH, stretching re- 
gion for the 75 mol% ceramides type IV/25 mol% 
cholesterol sample are shown in Fig. 8. The inten- 
sity of the asymmetric CH, stretching band at 
about 2880 cm~' decreases with increasing tem- 
perature and disappears in the underlying back- 
ground above the phase transition point. 

In order to determine the integrated intensity of 
the v(CH,) and v,(CH,) lines, the overlapping 
bands were decomposed by using the OPUS fit 
procedure taking into consideration both ce- 
ramides and cholesterol bands. The ‘Levenberg- 
Marquardt’ algorithm was used for this 
procedure. To reduce the number of adjustable 
parameters, a pure Gaussian function was sup- 
posed as line shape for each band and the posi- 
tion of the broad ‘Fermi resonance’ band was 
fixed. Fig. 9 shows an example of the results of 
this decomposition for the 40 mol% ceramides 
type IV/60 mol% mixture at 40 and 60°C, respec- 
tively. 
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Fig. 7. Raman spectra of various anhydrous ceramides type 
IV/cholesterol mixtures at 40°C: (a) 100 mol% ceramides type 
IV; (b) 75 mol% ceramides type IV/25 mol’ cholesterol; (c) 40 
mol’% ceramides type IV/60 mol% cholesterol; (d) 25 mol% 
ceramides type IV/75 mol% cholesterol; and (e) 100 mol% 
cholesterol. 
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Fig. 8. Temperature dependence of the Raman spectra in the 
CH, stretching region for the 75 mol% ceramides/25 mol% 
cholesterol mixture: (a) T = 40°C; (b) T = 60°C; (c) T = 70°C; 
(d) T= 75°C; (e) T = 80°C; and (f) T = 86°C. 


As shown in Fig. 10, with increasing tempera- 
ture the intensity ratio /[(v,(CH,))//(v(CH,))], as 
a measure of the relative population of the trans 
and gauche conformers, continuously decreases 
for all mixtures and tends to approach zero after 
the melting of the eutectic mixture. Another possi- 
bility for characterizing the phase transition is the 
temperature dependence of the band position of 
the symmetric CH, stretching mode (Fig. 11). The 
point of inflection of such a curve can be com- 
pared with the phase transition temperature of the 
DSC curve. 

In the region of the skeletal stretching vibra- 
tions the asymmetric (at 1063 cm~ ') and symmet- 
ric (at 1130 cm~') C-—C stretching modes of the 
alkyl chains in trans conformation are to be seen 
in all mixtures at 40°C. The temperature depen- 
dence of these integrated intensities to a reference 
band (2727 cm ~', v(CH) aliphatic, overtones CH 
bending) yields the same curve as the temperature 
dependence of the CH, stretching region and 
confirms to the validity of these results. 
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The longitudinal acoustic modes (LAM) of 
weak intensity in the low frequency region below 
300 cm~', as observed in anhydrous (Wegener et 
al., 1996) and hydrated ceramides type IV, can be 
only seen in mixtures with low cholesterol con- 
tent. Unfortunately, it was not possible to quan- 
tify the disturbance of the extended all-trans 
hydrocarbon chain due to the addition of choles- 
terol, because the intensities of the LAM in the 
pure ceramides are rather low and in mixtures 
with high cholesterol content the interference with 
cholesterol bands is too high for a detailed analy- 
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Fig. 9. Decomposition of the CH stretching band for 40 mol% 
ceramides type IV/60 mol% cholesterol mixture. Top: T= 
60°C. Bottom: T= 40°C. The bands around 2850 and 2882 
cm~' are attributed to the symmetric and asymmetric stretch- 
ing vibrations of the CH, goups, respectively. 
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Fig. 10. Temperature dependence of the intensity ratio / [v,,(CH,)]//[v(CH,)] of the ceramides type IV/cholesterol mixtures after 
storage at 40°C for 24 h: @, 100 mol% cholesterol; O, 75 mol% cholesterol; +, 60 mol% cholesterol; A, 25 mol% cholesterol; and 


@. 100 mol% ceramides type IV. 


The phase transition temperature determined 
by using the temperature dependence of the inten- 
sity ratio /[(v,,(CH,))/7(v(CH,))] (Fig. 10) and of 
the band position of the symmetric CH, stretching 
mode (Fig. 11) is nearly equivalent to the transi- 
tion temperature of the DSC curve. In the case of 
the mixture 40 mol% ceramides/60 mol% choles- 
terol, a significant difference between DSC and 
Raman data was found. For elucidating this fact 
further investigations are in progress. 

As in the DSC experiments, the hydration of 
the mixtures results in a further decrease of the 
temperature of the eutectic melting as shown in 
the temperature dependence of the intensity ratio 
I[(v,,(CH,))/Z0v(CH,)] and of the band position 
of v(CH,) for the hydrated (75 mol% ceramides;/ 
25 mol% cholesterol) mixture in comparison to 
the anhydrous mixture and to the pure ceramides 
type IV (Fig. 12). As can be seen, the addition of 
both cholesterol and water results in lowering of 
the temperature of the phase transition. The hy- 
dration of the mixtures of ceramides type IV and 
cholesterol shifts the eutectic melting to the lowest 
temperature of 55°C. 





In conclusion, DSC and FT-Raman_ spec- 
troscopy have been used to investigate the ther- 
motropic and lyotropic phase behaviour of 
ceramides type IV and of mixtures of ceramides 
type IV and cholesterol. Solid ceramides type IV 
in the anhydrous and hydrated state exhibit a 
highly ordered conformation of the alkyl chains. 
The hydration of ceramides type IV induces a 
marked effect on the main transition, detected by 
both DSC and Raman scattering. On the other 
hand, the Raman spectrum of the hydrated ce- 
ramides type IV at room temperature exhibits no 
differences in comparison to that of the anhy- 
drous sample, particularly alterations in the head 
group of ceramides (amid I at 1628 cm~' and 
1654 cm~') were not observed. Otherwise, the 
effect of water on the lipid can be clearly observed 
in the temperature dependence of the conforma- 
tionally sensitive bands of the hydrocarbon chain. 

The mixing of cholesterol and ceramides type 
IV also causes a decrease of the phase transition 
temperature. The DSC investigations show an 
eutectic melting of the cholesterol/ceramides type 
IV mixtures in the anhydrous and hydrated state, 
indicating immiscibility of the lipids. Using the 
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Fig. 11. Temperature dependence of the band position of the symmetric CH, stretching mode of the ceramides IV/cholesterol 


mixtures after storage at 40°C for 24 h: @, 100 mol% cholesterol; 


cholesterol; and @, 100 mol% ceramides type IV. 
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Fig. 12. Influence of cholesterol and water on the temperature 
dependence of the intensity ratio /[v,(CH,)]//[v, (CH,)}: 
ceramides Type IV (dry); ©, ceramides type IV (hydrated); A, 
75 mol% ceramides/25 mol’ cholesterol (dry); , 75 mol% 
ceramides/25 mol% cholesterol (hydrated). 


, 75 mol™% cholesterol: +, 60 mol% cholesterol: A, 25 mol% 


temperature dependence of the Raman band in- 
tensities and band positions of conformationally 
sensitive bands the melting process on the molecu- 
lar level has been described and these investiga- 
tions confirm to the DSC measurements. 
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